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Respiratory-swallow coordination (RSC) is critical for safe and efficient swallowing. In 
healthy adults, RSC is most frequently characterized by an exhale-swallow-exhale pattern 
initiated within the mid-lung volume range with a respiratory pause of approximately one 
second. This combination in RSC behaviors is thought to be most optimal for swallowing-related 
bolus clearance and airway protection. Deviations from these RSC behaviors are observed at 
disproportionately higher rates in people with Parkinson’s disease (PD) when compared to non-
dysphagic, healthy adults. However, little is known about which variables influence RSC in PD, 
if the RSC behaviors that are most optimal for swallowing in healthy adults are also most 
optimal for swallowing in PD, and if respiratory-swallow training can be used to successfully 
rehabilitate suboptimal RSC, swallowing safety, and swallowing efficiency in PD. 
This document includes a series of four studies that address these important clinical 
research questions. Chapter 1 will begin by reviewing the current body of literature as it relates 
to dysphagia in PD, RSC in healthy adults and PD, respiratory-swallow training as a skill-based 
treatment for dysphagia rehabilitation, and motor learning considerations for respiratory-swallow 
skill training in PD. Chapter 2 will be used to examine the relationships among RSC with 
patient- and swallowing-specific factors in PD. Chapter 2 will also be used to assess the 
 
 
influence of RSC behaviors on measures of swallowing safety (penetration-aspiration) and 
swallowing efficiency (pharyngeal residue) in PD. Chapter 3 will then evaluate the effects of 
verbal cueing on RSC in PD as a method of determining if RSC is stimulable for rehabilitative 
change. Chapter 4 will explore the effects of respiratory-swallow training on swallowing safety 
and efficiency rehabilitation in a person with mid-stage PD and severe dysphagia within the 
context of a single-subject experimental design. Chapter 5 will then examine the effects of 
respiratory-swallow training on dysphagia and RSC rehabilitation within the context of a cohort 
study. Chapter 5 will also be used to compare the effects of constant versus variable practice in 
order to explore how principles of motor learning can be used to enhance respiratory-swallow 
training outcomes. This document will then conclude by synthesizing the results from Chapters 
2-5 and by discussing directions for future research. 
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Parkinson's disease (PD) is a highly prevalent neurodegenerative disorder affecting one in 
every 100 adults over the age of 65 within the United States (Kaplin et al., 2007; Wirdefeldt, 
Adami, Cole, Trichopoulos, & Mandel, 2011). The pathologic hallmark of PD is degeneration of 
dopaminergic neurons within the basal ganglia and motor control circuitry (Davie, 2008). The 
basal ganglia are a collection of subcortical nuclei located at the base of the forebrain. These 
nuclei are critical for proper motor control and coordination, motor learning, habit formation, 
somatosensory processing, and cognitive function (Doyon et al., 2009; Obeso et al., 2008). 
While PD is classically defined by degeneration within the basal ganglia, widespread and 
heterogenous neurologic abnormalities beyond changes to the basal ganglia are also often 
present. Of note, neural degeneration is frequently observed in the hippocampus, temporal and 
cingulate cortices, hypothalamus, medullary tegmentum, pontine tegmentum, and pontine nuclei 
(Dickson, 2012). Collectively, these structures are important for swallowing (Andre Jean, 1984), 
breathing (Alheid, Milsom, & McCrimmon, 2004; Horn & Waldrop, 1998), and motor learning 
(Den Ouden, Daunizeau, Roiser, Friston, & Stephan, 2010; Kratochwil, Maheshwari, & Rijli, 
2017).  
Cardinal motor symptoms of PD include bradykinesia, hypokinesia, muscle rigidity, and 
tremor. These symptoms affect both axial and appendicular structures and can result in 
maladaptive changes to physiologic behaviors involving the respiratory, pharyngeal, and 
laryngeal systems (Davie, 2008). These detrimental changes to negatively affect many life-
sustaining behaviors such as breathing and swallowing which can have profound effects on the 
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health and quality of life of people living with PD (Kalf, De Swart, Bloem, & Munneke, 2012; 
O’Callaghan & Walker, 2018; Vercueil, Linard, Wuyam, Pollak, & Benchetrit, 1999). 
 
Dysphagia in Parkinson’s Disease 
Dysphagia (disordered swallowing) is a medically serious and costly condition 
characterized by impairments in swallowing safety (penetration/aspiration) and efficiency 
(pharyngeal residue). Compromised swallowing safety occurs when foods and liquids are 
misdirected into the larynx (penetration) and/or lower airway (aspiration). In contrast, 
compromised swallowing efficiency occurs when foods and liquids are not adequately cleared 
through the pharynx (pharyngeal residue) and into esophagus and stomach. Dysphagia increases 
total health care costs for hospitalized patients by an estimated 40% (~ $13,000), increases 
hospital stays by approximately three to five days, and has an estimated nationwide economic 
impact of $547 million (Altman, Yu, & Schaefer, 2010). Additionally, the presence of dysphagia 
increases the risk of developing serious medical morbidities including dehydration (Leibovitz et 
al., 2007; Streicher et al., 2018), malnutrition (Namasivayam-MacDonald, Morrison, Steele, & 
Keller, 2017; Serra-Prat et al., 2012; Streicher et al., 2018), and aspiration pneumonia (Daniels, 
Ballo, Mahoney, & Foundas, 2000; Langmore et al., 1998).  
Dysphagia affects approximately 82% of people with PD at some point during the disease 
process, and can manifest as one of the earliest symptoms of the disorder (Kalf et al., 2012; Pflug 
et al., 2018). Over the last 30 years, trends have revealed a 10-fold increase in the incidence of 
aspiration pneumonia among people with PD (Akbar et al., 2015). This trend is significant given 
that pneumonia is the leading cause of death in PD (Beyer, Herlofson, Arsland, & Larsen, 2001; 
Fall, Saleh, Fredrickson, Olsson, & Granerus, 2003; Morgante et al., 2000; Wermuth, Stenager, 
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Stenager, & Boldsen, 1995). Despite the profound impact of dysphagia on the health and quality 
of life in people with PD, treatments to improve swallowing are limited (Baijens & Speyer, 
2009; Suttrup & Warnecke, 2016; Van Hooren, Baijens, Voskuilen, Oosterloo, & Kremer, 2014). 
Given this, there is a significant need for rigorous treatment-related research and the 
development of robust dysphagia interventions for people with PD. 
The pathophysiology underlying dysphagia in PD is thought to be multifactorial in 
nature. Potential contributors to the development of dysphagia in PD include abnormalities in 
peripheral sensation and somatosensory processing (Conte, Khan, Defazio, Rothwell, & 
Berardelli, 2013; Hammer & Barlow, 2010; Hegland, Troche, & Brandimore, 2019; Mu, 
Sobotka, Chen, Su, Sanders, Nyirenda, et al., 2013; Troche, Brandimore, Okun, Davenport, & 
Hegland, 2014) as well as rigidity and weakness of the respiratory and upper airway muscles 
(Mu et al., 2012; Mu, Sobotka, Chen, Su, Sanders, Adler, et al., 2013; Silverman et al., 2006). 
However, the pathogenesis of PD is such that impairments in motor control and coordination are 
likely the primary cause of swallowing dysfunction in this patient population (Suttrup & 
Warnecke, 2016). This hypothesis is supported in part by research which has consistently found 
that people with PD and dysphagia exhibit altered brain connectivity (Gao et al., 2019) and 
increased variability in swallowing physiology when compared to non-dysphagic people with PD 
and healthy adults (Jones & Ciucci, 2016). People with PD and dysphagia also demonstrate 
abnormalities in the timing and sequencing of swallowing kinematics as a function of clinician 
interference (verbal cueing), disease severity, deep brain stimulation, and anti-parkinsonian 
medication (Argolo, Sampaio, Pinho, Melo, & Nóbrega, 2015; Cereda et al., 2014; J. A. Curtis, 
Molfenter, & Troche, 2020; Kalf et al., 2012; Leopold & Kagel, 1996; Silbergleit et al., 2012; 
Sutton, 2013; Troche, Brandimore, Foote, et al., 2014; Troche, Brandimore, Foote, & Okun, 
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2013; Troche, Brandimore, et al., 2016; Troche, Schumann, Brandimore, Okun, & Hegland, 
2016) .   
Swallowing is a complex motor skill that requires the timely and intricate coordination of 
a vast network of respiratory-bulbar muscles, cranial and spinal nerves, brainstem nuclei, and 
cortical, subcortical, and cerebellar structures. Once considered to be a simple motor reflex, 
current understanding of the complex neural underpinnings of swallowing highlights that this 
behavior should be more accurately described as a stereotypic sensorimotor process (Malandraki, 
Johnson, & Robbins, 2011). While the sequencing of oral, pharyngeal, laryngeal, and esophageal 
swallowing movements is similar across different swallowing conditions, significant variability 
in spatial-temporal kinematics and swallowing pressures exist. This flexibility in oropharyngeal 
swallowing physiology is critical for accommodating the diverse set of conditions under which 
eating and drinking occur. Specifically, swallowing physiology is known to change as a function 
of bolus size, bolus consistency, and bolus delivery method (Butler, Stuart, Markley, Feng, & 
Kritchevsky, 2018; J. Curtis, Langenstein, & Schneider, 2018; Daniels, Schroeder, Degeorge, 
Corey, & Rosenbek, 2007; Hoffman, Ciucci, Mielens, Jiang, & McCulloch, 2010; Humbert et 
al., 2018; Kendall, 2002; Lenell, Brates, Pearson, & Molfenter, 2020; R. J. Leonard, Kendall, 
McKenzie, Gonçalves, & Walker, 2000; Molfenter & Steele, 2014; Nativ-Zeltzer, Logemann, 
Zecker, & Kahrilas, 2016; Shibata et al., 2017; Steele et al., 2019). Swallowing physiology also 
changes as a function of age, sex, sensory input, verbal cueing, swallowing instructions, and 
disease status (Bülow, Olsson, & Ekberg, 2003; J. Curtis et al., 2018; Daniels et al., 2007; 
Kendall, 2002; R. J. Leonard et al., 2000; Molfenter, Hsu, Lu, & Lazarus, 2018; Molfenter & 
Steele, 2012; Nagy et al., 2013; Nativ-Zeltzer et al., 2016; Wheeler-Hegland, Rosenbek, & 
Sapienza, 2008). These changes in swallowing kinematics and pressures highlight the magnitude 
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to which skillful motor control and coordination are present during oropharyngeal ingestion in 
order to safely and efficiently transport boluses from the mouth and into the stomach. Therefore, 
it is unsurprising that the pronounced set of pathologic changes that develop across the motor 
control and musculoskeletal systems as a result of PD can have detrimental effects on normal 
swallowing physiology, leading to significant impairments in swallowing safety and efficiency. 
 
Respiratory Function in Parkinson’s Disease 
Restrictive pulmonary dysfunction has been well documented in PD and has been 
reported to develop in approximately 94% of people with PD at some point during the disease 
process (De Pandis et al., 2002). When compared to healthy adults, people with PD have reduced 
lung volumes and capacities, faster ventilatory minute breathing rates, and reduced inspiratory 
and expiratory muscle strength (De Pandis et al., 2002; Sabaté, González, Ruperez, & Rodríguez, 
1996; Sathyaprabha, Kapavarapu, Pal, Thennarasu, & Raju, 2005; Weiner et al., 2002). The 
pathophysiology contributing to these maladaptive changes in respiratory function is not fully 
understood, but is thought to be the combined result of increased chest wall rigidity, postural 
changes of the trunk and spine, and abnormal central control of ventilation (Torsney & Forsyth, 
2017).  
Respiratory sensation is also known to frequently change in PD. Approximately 40% of 
people with PD self-report symptoms of dyspnea, characterized by an unpleasant or 
uncomfortable perception of breathing (Baille et al., 2019). While changes in ventilatory 
capacity, lung volumes, and peripheral muscle strength can influence the presence and severity 
of dyspnea, emerging research suggests that impaired brainstem ventilatory control may be the 
primary contributory mechanism for dyspnea development in PD (Vijayan, Singh, Ghosh, Stell, 
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& Mastaglia, 2020; Weiner et al., 2002). Despite demonstrating an increased perception of 
breathing discomfort, people with PD also exhibit reduced perceived respiratory sensitivity in 
response to changes in work-to-breath when compared to healthy adults. In a 2019 study by 
Hegland and colleagues, people with PD rated differences in increasing inspiratory resistive 
loads to be smaller in magnitude when compared to ratings made by healthy controls. 
Importantly, this blunting in perceived respiratory sensation was found to negatively influence 
respiratory-related speech behaviors (Hegland et al., 2019).  
Sensorimotor changes to normal respiratory function have the potential to negatively 
influence the physiologic behaviors that rely on the respiratory system for proper functioning. 
Such behaviors include both speech and swallowing – though speech has been studied much 
more extensively.  For example, people with PD typically initiate speech utterances at lower lung 
volumes when compared to healthy age- and sex-matched controls. Whereas healthy adults 
typically initiate speech above the end-inspiratory level of normal rest breathing, people with PD 
initiate speech near or below the end-expiratory level of normal rest breathing (Bunton, 2005; 
Darling-White & Huber, 2017). This change in respiratory-related speech function is important 
given that lower lung volumes are associated with reduced speech loudness in PD (Sadagopan & 
Huber, 2007).  
The pathophysiology underlying respiratory-related speech dysfunction in PD is likely 
multifactorial in nature. Some research provides evidence demonstrating that differences in lung 
volume initiation during speech may be related in part to weakness of the respiratory muscles. 
This is supported by researched demonstrating that people with PD exhibit significant changes to 
lung volume initiation during speech following intense periods of expiratory muscle strength 
training (Darling-White & Huber, 2017). Other research provides evidence that changes in lung 
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volume initiation may be driven by alterations in the respiratory kinematics that govern speech 
production. Specifically, seminal work by Solomon and Hixon found that people with PD exhibit 
less rib cage wall expansion at the onset of speech utterances –  an observation that has been 
largely attributed to increased rigidity of the rib cage and fluctuations in levodopa drug cycles 
(Solomon & Hixon, 1993). Impairments in respiratory-related motor coordination are also 
suspected to be significant contributors to abnormalities in respiratory-related speech 
dysfunction. This hypothesis is supported by the observation of paradoxical inspiratory 
movements of the rib cage during speech (an expiratory task) in PD (Solomon & Hixon, 1993). 
Synthesizing this information demonstrates that, while the clinical manifestations of PD are 
phenotypically heterogenous, people with PD often present with low lung volume initiation 
during speech, less rib cage displacement for speech when compared to healthy adults, and may 
frequently present with discoordinated movements of the respiratory system during the 
production of speech utterances. Further research is needed to examine if similar changes are 
present in other respiratory-related behaviors, including the act of swallowing. 
 
Respiratory-Swallow Coordination in Healthy Adults 
Breathing and swallowing share an array of neural and musculoskeletal structures - the 
larynx is one such structure. During breathing, the lungs and chest wall expand, and the larynx 
opens, to allow air to flow between the pharynx and trachea for respiratory gas exchange. During 
swallowing, breathing temporarily pauses and the larynx closes to prevent aspiration of foods 
and liquids into the lungs as they pass through the pharynx and into the esophagus. While 
breathing and swallowing have different functional goals, both are centrally mediated behaviors 
controlled by shared and interacting neuronal groups co-localized within the brainstem 
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(Broussard & Altschuler, 2000; Davenport, Bolser, & Morris, 2011; Dick, Oku, Romaniuk, & 
Cherniack, 1993; Ertekin & Aydogdu, 2003; André Jean, 2001; Miller, 1986; Oku, Tanaka, & 
Ezure, 1994; Saito, Ezure, & Tanaka, 2002; Saito, Ezure, Tanaka, & Osawa, 2003). This overlap 
in shared neural substrates results in a swallowing-induced remodeling of the respiratory neural 
network  (Matsuo, Hiiemae, Marlis Gonzalez-Fernandez, & Palmer, 2008; Mcfarland & Lund, 
1993; D. H. McFarland & Lund, 1995; Palmer & Hiiemae, 2003; D. Paydarfar, Gilbert, Poppel, 
& Nassab, 1995; Preiksaitis, Mayrand, Robins, & Diamant, 1992; Preiksaitis & Mills, 1996). 
This remodeling and reconfiguration of the respiratory system by the swallowing central pattern 
generator results in a slowing of the respiratory cycle before and after the swallow and period of 
obligatory apnea during the swallow – demonstrating the strength of the neurologic coordination 
present between these two behaviors.  
 
Respiratory Pause 
Clinically, respiratory-swallow coordination (RSC) is characterized by three specific 
variables: respiratory pause duration, respiratory phase patterning, and lung volume initiation. 
Respiratory pause duration refers to the brief period of respiratory cessation present during 
swallowing. Once thought to occur purely as a function of mechanical closure of the larynx, 
swallow apnea is now understood to be the direct result of neurologic inhibition, seen even in 
individuals without larynges (Charbonneau, Lund, & McFarland, 2005; Horton et al., 2018; 
Martin-Harris, Brodsky, Price, Michel, & Walters, 2003; Melciades Barbosa Costa & Maria de 
Oliveira Lemme, 2010). However, some degree of voluntary breath holding is often present 
before and after the period of obligatory swallow apnea. Because of this, the term 'respiratory 
pause' rather than ‘swallow apnea’ has been increasingly adopted as the term of choice. 
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While the onset of respiratory pause can be highly variable, it consistently occurs before 
the start of laryngeal elevation, laryngeal vestibule closure, and pharyngeal swallow initiation in 
healthy children and adults (Boden et al., 2009; Hårdemark Cedborg et al., 2010, 2009; Klahn & 
Perlman, 1999; Martin, Logemann, Shaker, & Dodds, 1994; Perlman, He, Barkmeier, & Leer, 
2005). Respiratory pause continues throughout the entirety of the pharyngeal phase of 
swallowing, with the offset of the pause and the resumption of normal respiration beginning 
during laryngeal descent and following closure of the pharyngoesophageal segment (Gross et al., 
2008; Gross, Atwood, Ross, Olszewski, & Eichhorn, 2009; Hirst, Ford, Gibson, & Wilson, 2002; 
Klahn & Perlman, 1999; Martin-Harris et al., 2005, 2003; Martin et al., 1994; Perlman et al., 
2005). Under normal circumstances, the typical duration of the respiratory pause has been found 
to range from 0.5-1.5 seconds (Ayuse et al., 2006; Butler, Stuart, Pressman, Poage, & Roche, 
2007; Gross et al., 2008; Hårdemark Cedborg et al., 2010, 2009; Huff et al., 2018; Klahn & 
Perlman, 1999; Krishnan & Goswami, 2019; Leslie, Drinnan, Ford, & Wilson, 2002; Martin-
Harris et al., 2003; Martin et al., 1994; Ogna et al., 2017; Pinto, Balasubramanium, & Acharya, 
2017; Preiksaitis et al., 1992; Shaker et al., 1992; Teresa J Valenzano, Guida, Peladeau-Pigeon, 
& Steele, 2020; C. M. Wang, Shieh, Chen, & Wu, 2015; Chin Man Wang et al., 2015; Chin Man 
Wang, Shieh, Weng, Hsu, & Wu, 2017; Yagi, Nagami, et al., 2017; Yagi, Oku, et al., 2017).  
Several variables have been found to influence respiratory pause duration. One such 
variable is the respiratory phase situated immediately before and after the respiratory pause. For 
example, exhaling immediately before the swallow often leads to shorter respiratory pauses, 
whereas inhaling immediately before the swallow often leads to longer respiratory pauses (Gross 
et al., 2008, 2009; Preiksaitis et al., 1992; Troche, Huebner, Rosenbek, Okun, & Sapienza, 2011; 
Yagi, Oku, et al., 2017). Respiratory pause duration also tends to increase as an effect of age and 
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disease (Butler et al., 2007; Erdem et al., 2016; Håkan Nilsson, Ekberg, Bülow, & Hindfelt, 
1997; Ogna et al., 2017; Pinto et al., 2017; Selley, Flack, Ellis, & Brooks, 1989b; C. M. Wang et 
al., 2015; Chin Man Wang et al., 2015; Yagi, Nagami, et al., 2017; Yagi, Oku, et al., 2017). The 
reason why respiratory pause duration changes across age and disease groups is not fully 
understood. Because longer respiratory pauses are often observed in dysphagic patient 
populations, a prolongation of the respiratory pause may represent a maladaptive change to RSC 
that contributes to compromised bolus clearance and airway protection (Butler et al., 2007; 
Erdem et al., 2016; Troche et al., 2011). Alternatively, this prolongation of the respiratory pause 
may represent an adaptive strategy that develops as an attempt to optimize swallowing safety in 
presence of a disordered swallowing system. This hypothesis is supported in part by research in 
disordered populations which has found shorter respiratory pause duration to be associated with 
an increased likelihood of airway invasion (Håkan Nilsson et al., 1997).  
It should be noted that while respiratory pause refers to the cessation of breathing during 
the act of swallowing, electrical activity of some respiratory-related neural and musculoskeletal 
muscles is present. In fact, neural activity of the phrenic nerve increases during swallowing when 
compared to passive exhalation (Saito et al., 2002). Additionally, electromyographic activity of 
the diaphragm and abdomen are also present during swallowing despite the absence of tidal 
breathing (Hårdemark Cedborg et al., 2009; Ravinder K Mittal & Fisher, 1990; Uysal, Kızılay, 
Ünal, Güngör, & Ertekin, 2013). Lastly, subglottic pressure and expiratory airflow are actively 
generated during swallowing in both healthy and disordered populations (Gross et al., 2012; 





Respiratory Phase Patterning 
A second important variable of RSC is respiratory phase patterning. Respiratory phase 
patterning refers to the unique grouping of exhalations and/or inhalations immediately before and 
after swallowing-related respiratory pauses. Four respiratory phase patterns are commonly 
reported in the RSC literature: exhale-swallow-exhale, inhale-swallow-exhale, exhale-swallow-
inhale, and inhale-swallow-inhale. The exhale-swallow-exhale pattern accounts for the majority 
of swallows in the majority of healthy adults. For 5-25 mL liquid boluses, research indicates that 
the frequency of the exhale-swallow-exhale is within the range of 80-100%, with only 5-20% of 
swallows exhibiting the inhale-swallow-exhale pattern, 1-5% of swallows exhibiting the exhale-
swallow-inhale pattern, and ≤1% of swallows exhibiting the inhale-swallow-inhale pattern 
(Ayuse et al., 2006; Boden et al., 2009; Butler et al., 2007; Dozier, Brodsky, Michel, Walters, & 
Martin-Harris, 2006; Hårdemark Cedborg et al., 2010, 2009; Hiss, Treole, & Stuart, 2001; 
Hopkins-Rossabi, Curtis, Temenak, Miller, & Martin-Harris, 2019; Kijima, Isono, & Nishino, 
2000; Klahn & Perlman, 1999; Krishnan & Goswami, 2019; Kumar & Bhat, 2012; Leslie et al., 
2002; Martin-Harris et al., 2005, 2003; Martin et al., 1994; Melciades Barbosa Costa & Maria de 
Oliveira Lemme, 2010; Hkkan Nilsson et al., 1996; Takashi Nishino, Yonezawa, & Honda, 
1985; Ogna et al., 2017; Perlman, Ettema, & Barkmeier, 2000; Pinto et al., 2017; Preiksaitis & 
Mills, 1996; Chin Man Wang et al., 2015, 2017; K. M. Wheeler Hegland, Huber, Pitts, & 
Sapienza, 2009; Yagi, Nagami, et al., 2017; Yagi, Oku, et al., 2017). Though less commonly 
discussed in RSC research, swallows may also be initiated during the transition (interphase) 
between the inspiratory and expiratory phases of breathing. This most often occurs when 
swallows are initiated at or near end-expiratory level, though this may also occur when swallows 
are initiated at or near end-inspiratory level. In healthy adults, the frequency of initiating 
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swallows during these respiratory interphases has been reported to range from 3-13% for liquid 
swallows (Pinnington, Muhiddin, Ellis, & Playford, 2000; Shaker et al., 1992; J. Smith, 
Wolkove, Colacone, & Kreisman, 1989), 17-84% for solid food swallows (Matsuo et al., 2008; 
Palmer & Hiiemae, 2003; Yamada et al., 2017), and 27-67% for spontaneous saliva swallows 
(Sato, Chitose, Sato, & Umeno, 2016; Sato, Umeno, Chitose, & Nakashima, 2011).  
While healthy adults are relatively stable in exhibiting the predominant exhale-swallow-
exhale pattern, subtle variations can be present due to multiple different factors. Specifically, 
respiratory phase patterning is known to change as an effect of age (Kumar & Bhat, 2012; Leslie, 
Drinnan, Ford, & Wilson, 2005; Shaker et al., 1992; Chin Man Wang et al., 2015), bolus size 
(Butler et al., 2007; Hopkins-Rossabi et al., 2019; Preiksaitis & Mills, 1996; Shaker et al., 1992), 
serial swallowing (Dozier et al., 2006; Hirst et al., 2002; Martin et al., 1994; Ouahchi et al., 
2019; Preiksaitis & Mills, 1996; K. Wheeler Hegland, Huber, Pitts, Davenport, & Sapienza, 
2011), volition/cueing (Kelly, Huckabee, Jones, & Carroll, 2007; Melciades Barbosa Costa & 
Maria de Oliveira Lemme, 2010), and consciousness (Cedborg et al., 2015; Kelly et al., 2007; T. 
Nishino & Hiraga, 1991). However, the effects of bolus delivery method (Hirst et al., 2002; 
Preiksaitis & Mills, 1996; K. Wheeler Hegland et al., 2011) and bolus consistency (Gross et al., 
2008, 2009; Leslie et al., 2002; Perlman et al., 2000; Preiksaitis & Mills, 1996; Teresa J 
Valenzano et al., 2020) on respiratory phase patterning remains equivocal (Hiss et al., 2001; 
Hopkins-Rossabi et al., 2019; Krishnan, Goswami, & Rangarathnam, 2020).  
Importantly, the exhale-swallow-exhale pattern is thought to be the most optimal 
respiratory phase pattern for safe and efficient swallowing. It occurs at disproportionately lower 
rates in patient populations known to be at high risk of dysphagia, including people with a 
history of cerebral vascular accidents (Butler et al., 2007; Leslie et al., 2002; Selley et al., 1989b; 
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Selley, Flack, Ellis, & Brooks, 1990), chronic obstructive pulmonary disease (Drulia, 2016; 
Gross et al., 2009; Nagami et al., 2017; Pinto et al., 2017; Shaker et al., 1992), head and neck 
cancer (Brodsky et al., 2010), Guillain-Barré (Ogna et al., 2017), spinal cord injury (Teresa 
Josephine Valenzano, 2018), cerebral palsy (Mishra et al., 2018), cerebellar ataxia (Lefton-Greif, 
Perlman, He, Lederman, & Crawford, 2016), Parkinson’s disease (Gross et al., 2008; Pinnington 
et al., 2000; Chin Man Wang et al., 2017), and a diagnosis of dysphagia (Butler et al., 2007; 
Melciades Barbosa Costa & Maria de Oliveira Lemme, 2010; Håkan Nilsson et al., 1997; Yagi, 
Nagami, et al., 2017; Yagi, Oku, et al., 2017). Within these disordered populations, people who 
less frequently exhibit the exhale-swallow-exhale pattern often have higher rates of penetration 
and aspiration (Butler et al., 2007; Cvejic et al., 2011; Fullerton et al., 2020; Morton, Minford, 
Ellis, & Pinnington, 2002; Selley et al., 1990; Steele & Cichero, 2014; Troche et al., 2011).  
Three theories are commonly cited proposing why penetration and aspiration may occur 
less frequently during the exhale-swallow-exhale pattern and why this pattern may be most 
protective for swallowing. First, exhaling positions the vocal folds in a partially closed 
configuration. This protective positioning of the vocal folds is thought to facilitate to earlier and 
more complete airway closure – two kinematic features important for preventing penetration and 
aspiration (J. A. Curtis, Molfenter, & Troche, 2020; R. Leonard, 2019; Martin et al., 1994; Park, 
Kim, Ko, & McCullough, 2010; Seo, Oh, & Han, 2016). Second, when airway invasion does 
occur, exhaling immediately before and/or after swallowing is thought to more readily eject 
penetrant and aspirate material from the airway through passive expiratory airflow and active 
cough behaviors (Martin-Harris et al., 2003; Martin et al., 1994; Takashi Nishino et al., 1985). 
Lastly, exhaling after the pharyngeal swallow is thought to promote a more coordinated pressure 
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gradient on the bolus tail during esophageal transit (Gross, 2014; Irvin, Sampson, Engel, & 
Grassino, 1984; David Paydarfar & Buerkel, 1995). 
The exhale-swallow-exhale pattern may also be advantageous for safe and efficient 
swallowing for three additional but less commonly cited reasons. First, phasic changes to glottal 
closure reflex sensitivity occur during spontaneous breathing with the glottal closure reflex 
becoming more sensitive during exhalation and less sensitive during inhalation (Ikari & Sasaki, 
1980). The glottal closure reflex (laryngeal adductor reflex) is important for assisting in 
complete, timely vocal fold adduction and closure during swallowing and is often impaired in 
people with dysphagia (Aviv et al., 2002; Dua, Ren, Bardan, Xie, & Shaker, 1997). Therefore, 
initiating a swallow at a time when the glottal closure reflex is heightened (i.e., exhalation) may 
help to facilitate a more robust airway closure response.  
Second, the direction and velocity of airflow through the upper airway has been found to 
influence muscle activity of the levator veli palatini and the superior pharyngeal constrictors – 
two muscles critical for velopharyngeal closure during swallowing. Expiratory airflow increases 
the neural activity of these muscles while inspiratory airflow has no effects on this 
neuromuscular activity. Furthermore, high velocity expiratory airflow (>200 mL/sec) is more 
likely to elicit greater neural activity of the levator veli palatini and superior pharyngeal 
constrictor muscles than slower expiratory airflow (≤100 mL/sec) (Kogo et al., 2003). This 
contributes to the rationale that swallowing during the expiratory phase my enhance swallowing 
efficiency by eliciting greater closure of the velopharyngeal during swallowing. This closure of 
the velopharynx is necessary to prevent backflow of foods and liquids into the nasal cavity and to 
generate greater pharyngeal pressure during swallowing (R. Leonard & Kendall, 2014). 
Interestingly, a reduction in the magnitude of velopharyngeal pressure during swallowing, and 
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increase in variability of the velopharyngeal closure patterns, are key features differentiating the 
swallows in people with early-stage PD to healthy controls (Jones & Ciucci, 2016).  
Third, swallowing during exhalation produces a greater pressure gradient differential 
between the pharynx and esophagus compared to inhalation (Kawasaki, Ogura, & Takenouchi, 
1964). During swallowing, foods and liquids flow from places of higher pressure (the pharynx) 
to places of lower pressure (the esophagus). Therefore, increasing the difference in pressure 
generation between the pharyngeal and esophageal chambers by initiating swallowing within the 
expiratory phase of respiration is advantageous for optimizing bolus clearance and swallowing 
efficiency. 
 
Lung Volume at Swallow Initiation  
A third important aspect of RSC is lung volume initiation (LVI). Lung volume initiation 
refers to the amount of air contained within the lungs at the onset of swallowing. Lung volume 
initiation is often expressed as a percentage of vital capacity (%VC) or in liters of air relative to 
the end-expiratory level of tidal breathing. Sequential swallowing (K. Wheeler Hegland et al., 
2011), verbal cueing (J. A. Curtis & Troche, 2020; D. H. McFarland et al., 2016), bolus 
consistency (D. H. McFarland et al., 2016; K. M. Wheeler Hegland et al., 2009) and bolus 
delivery method (D. H. McFarland et al., 2016; K. Wheeler Hegland et al., 2011) have all been 
found to influence LVI. However, some controversy exists regarding where LVI is most typical 
and most optimal in healthy adults. Two opposing viewpoints have been proposed regarding the 
location of the most optimal LVI. 
 
Viewpoint 1: Mid-to-Low Lung Volume is Most Optimal for Swallowing 
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This first viewpoint suggests that optimal LVI is located within a relatively restricted 
lung volume range, situated between the mid-to-low range of quiet tidal breathing (~42-48 
%VC). Researchers proposing this viewpoint theorize that this LVI level facilitates distinct 
mechanical advantages important for swallowing, including improved vocal fold closure, 
laryngeal elevation, and relaxation of the upper and lower esophageal sphincters (David H. 
McFarland, Harris, & Fortin, 2018). These behaviors are critical for bolus clearance and airway 
protection, and thus have potentially important implications for swallowing safety and 
efficiency.  
First, because of the direct connections between the lungs and the lower and upper 
airways, increased lung volume can potentially affect vertical positioning of the upper and lower 
airway structures. This was first studied in 1925, when Macklin used x-ray photography to 
compare changes in vertical positioning of the distal end of the tracheal (i.e., the carina) between 
full inspiration and full expiration in six healthy adults. The results from this study found that the 
carina was 18-21 mm lower during full inspiration when compared to full expiration. Macklin 
hypothesized that this lowering of the trachea during a high lung volume may also result in 
caudal force exertion by the trachea onto the larynx (“tracheal pull”) (Macklin, 1925). This 
tracheal pull is thought to result in partial abduction (opening) of the vocal folds (Stănescu, 
Clement, Pattijn, & Van De Woestijne, 1972). This is significant given that incomplete vocal 
fold closure during swallowing may increase one’s risk of pulmonary aspiration (Leder, Suiter, 
Duffey, & Judson, 2012). 
In 1947, Mitchinson & Yoffey sought to examine the effects of lung volume on 
positional changes to the larynx, hyoid bone, and tongue in 23 human subjects. This study, which 
also used x-ray photography to compare positional changes between extreme high and low lung 
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volumes, found very little movement in the larynx as a result of deep inspiration. Specifically, 
while the larynx descended in four subjects by a maximum of 6 mm, it elevated to the same 
magnitude in five of the subjects, and had no effect on vertical displacement in the remaining 14 
subjects. Interestingly, while distal lowering of the trachea changed on the magnitude of ~20 mm 
in the Macklin study, positional changes of the larynx in the Mitchinson & Yoffey study 
appeared relatively unaffected. The reason for this was unclear, especially given the direct 
anatomic connections between the trachea and the larynx. Mitchinson & Yoffey provided two 
potential explanations. First, because the trachea is relatively elastic, it can be stretched without 
an immediate pulling effect on the larynx and upper airway. Second, active contraction of 
suprahyoid and infrahyoid muscles may have been present, potentially stabilizing the laryngeal 
position (Mitchinson & Yoffey, 1947).   
To address these incongruent findings, Andrew (1955) used hook-wire electromyography 
to study the lingual, pharyngeal, laryngeal, suprahyoid, and infrahyoid muscle activity in 15 rats 
during various quiet rest breathing and rigorous rapid breathing. He identified that of the 15 
muscles examined, the sternothyroid, genioglossus, styloglossus, stylopharyngeus, aryepiglottic, 
and cricothyroid muscles contracted during quiet tidal inhalation, and remained continuously 
active during rigorous respiratory activity. He suggested that these findings support the notion 
that muscles of the upper airway are active during inspiration to resist and stabilize against 
tracheal pulling during respiration (Andrew, 1955).  
More recently, the effects of lung volume on laryngeal positioning and vocal fold closure 
have been studied within the context of speaking and singing. The vertical position of the larynx 
is significantly lower when initiating speaking and singing near total lung capacity (high lung 
volume) when compared to the bottom of expiratory reserve volume (low lung volume) 
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(Iwarsson & Sundberg, 1998; Iwarsson, Thomasson’, & Sundberg’, 1996; Milstein, 1999; Pabst 
& Sundberg, 1993). Measures of vocal fold adduction during speaking and singing (e.g., glottal 
airflow, closed quotient) are also influenced by lung volume. Specifically, there is less vocal fold 
closure when speaking and singing at a high lung volume than at a low lung volume (Iwarsson et 
al., 1996; Iwarsson, Thomasson, & Sundberg, 1998; Yeo, Lee, McCabe, & Madill, 2018). Taken 
together, these findings support the notion that high LVI has the potential to negatively impact 
laryngeal elevation and vocal fold closure during swallowing – though this has not been 
empirically tested.  
Another reason that mid-to-low LVI has been thought to be most optimal for swallowing 
is because of its relationship to diaphragmatic tension and lower esophageal pressures. At rest, 
the lower esophageal sphincter is tonically contracted to prevent reflux of material from the 
stomach into the esophagus and pharynx. During swallowing, the lower esophageal sphincter 
relaxes to allow ingested material to pass through the esophagus and into the stomach. The 
esophagus is anatomically situated such that it passes through the middle of the dome-shaped 
crural diaphragm. Contraction of the diaphragm during inspiration results in concentric closing 
pressures around the distal end of the esophagus near the site of the lower esophageal sphincter 
(R. K. Mittal, Rochester, & McCallum, 1987; Ravinder K Mittal & Fisher, 1990; Ravinder K 
Mittal et al., 1990; Ravinder K Mittal, Rochester, & Mccallum, 1988). However, it is important 
to note that transit of foods and liquids from the pharynx into the lower esophageal sphincter 
takes an average of 10 seconds (Miles, Clark, Jardine, & Allen, 2016). Therefore, the contracted 
position of the diaphragm during swallowing, and its influence on lower esophageal resting 
pressure, may not be relevant by the time the bolus material reaches the distal esophagus. 
Furthermore, while there is a strong relationship between lower esophageal sphincter relaxation 
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and diaphragmatic activity during breathing, current evidence suggests the relationship of lower 
esophageal sphincter relaxation and diaphragmatic activity during swallowing is negligible 
(Ravinder K Mittal & Fisher, 1990).  
 
Viewpoint 2: Mid-Lung Volume is Most Optimal for Swallowing 
In contrast to the above, other researchers have theorized that the optimal LVI for 
swallowing may span a less restrictive range and may be situated higher within one’s total lung 
capacity – at or above the end-inspiratory level of tidal breathing (50-65% VC). There are three 
explanations supporting this second viewpoint. 
First, initiating a swallow within a lung volume range that is at or above tidal volume 
takes advantages of the natural recoil forces of the respiratory muscles. At this lung volume 
range, respiratory muscle recoil forces act in the expiratory direction, allowing individuals to use 
less muscular effort to accomplish the goal of exhaling after the swallow (Hixon, Weismer, & 
Hoit, 2020). Conversely, initiating a swallow at or below resting-expiration level produces 
respiratory recoil forces which act in the inspiratory direction. This increases the risk of naturally 
inhaling after the swallowing unless active expiratory effort is made immediately following 
swallow apnea. This hypothesis is supported by clinical research which has found that 
swallowing towards the end of the respiratory cycle at or below end-expiratory level increases 
the likelihood of inhaling after the swallow in both healthy and dysphagic populations, while 
swallowing at higher lung volumes increases the likelihood of exhaling after the swallow 
(Drulia, 2016; Kijima et al., 2000; K. Wheeler Hegland et al., 2011; Yagi, Oku, et al., 2017).  
Second, the combination of expiratory recoil forces (which increase with higher lung 
volumes) and vocal fold closure (that occurs during normal swallowing) have been found to lead 
21 
 
to the generation of positive deglutitive subglottic pressure (Gross et al., 2012, 2006). Subglottic 
pressure rises at the onset of swallowing, temporarily drops during laryngeal elevation, and rises 
again during the downward movement of the larynx at the offset of swallowing (Shaker et al., 
2002; Shin et al., 1988). The subglottic pressure theory for swallowing states that subglottic 
mechanoreceptors provide respiratory-related afferent input to the brainstem central pattern 
generator for swallowing and that efferent output is modified accordingly (Gross, Atwood, 
Grayhack, & Shaiman, 2003). This increase in subglottic pressure is thought to enhance the 
neuroregulation of pharyngeal swallowing physiology and ultimately promote more safe, 
efficient, and coordinated oropharyngeal bolus transit. The beneficial role of deglutitive 
subglottic pressure is supported in part by research which has found that higher subglottal 
pressure contributes to activation of muscles important for velopharyngeal and vocal closure 
(Kogo et al., 2003; Koizumi, Kogo, & Matsuya, 1996). Additionally, research demonstrating the 
positive effects of closed tracheostomy tubes (high pressure) vs open tracheostomy tubes (low 
pressure) on swallowing in people with dysphagia also support the beneficial role of subglottic 
pressure (Gross, Mahlmann, & Grayhack., 2003). Specific effects of tracheostomy tube 
occlusion and positive subglottic pressure generation include faster pharyngeal swallowing and 
bolus transit times (Gross, Mahlmann, et al., 2003), improved laryngeal swallowing kinematics 
(Logemann, Pauloski, & Colangelo, 1998), and reductions in the frequency of aspiration 
(Dettelbach, Gross, Mahlmann, & Eibling, 1995; Elpern, Okonek, Bacon, Gerstung, & 
Skrzynski, 2000; Logemann et al., 1998; Stachler, Hamlet, Choi, & Fleming, 1996). 
Lastly, there is a direct relationship between lung volume, pleural pressure, and 
esophageal pressure – all of which have the potential to influence esophageal swallowing 
efficiency. The esophageal phase of swallowing begins with neurologic relaxation and 
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mechanical opening of the tonically contracted upper esophageal sphincter. Ingested material 
moves from the place of higher pressure (pharynx) to the place of lower pressure (esophagus). 
The esophageal lumen then constricts in a coordinated and sequential manner from superior to 
inferior to apply positive muscular force on the bolus tail while maintaining negative pressure in 
front of the bolus head. This coordination works to efficiently propel the bolus through the 
esophageal lumen, past the lower esophageal sphincter, and into the stomach. As the lungs 
inflate and get stretched, they pull open the pulmonary airway and esophageal lumen. This 
opening leads to a simultaneous decrease in both pleural and esophageal pressures (Brochard, 
2014; Ehrner, 1960; Irvin et al., 1984; Mead & Gaensler, 1959). Therefore, initiating a swallow 
at a higher lung volume, when esophageal pressure is smaller, could enhance the pressure 
gradient between pharynx and esophagus – an optimal situation for efficient esophageal bolus 
clearance.  
Similarly, as previously mentioned, the distal esophagus passes through the center of the 
crural diaphragm. During inhalation, the diaphragm contracts and exerts a concentric closing 
force around the lower esophageal sphincter (R. K. Mittal et al., 1987; Ravinder K Mittal & 
Fisher, 1990; Ravinder K Mittal et al., 1988). This closing force could be problematic for 
efficient swallowing given that the lower esophageal sphincter must distend open to allow foods 
and liquids to pass into the stomach. Therefore, swallowing at higher lung volumes could allow 
for a longer post-swallow exhalation, reducing the risk of an immediate post-swallow inhalation, 
and allowing for more efficient bolus clearance through the esophagus (Gross, 2014). 
Two studies have been published examining the effects of swallowing at differing lung 
volumes. Gross and colleagues published the first in 2003. This study examined 28 healthy 
young adults swallowing puree food at the bottom of maximal expiratory (FRC), end-expiratory 
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level (EEL), and the top of maximal inspiration (TLC). This study revealed negligible 
differences in pharyngeal swallow duration, and no differences in bolus transit time, submental 
surface EMG activity, or the presence of penetration or aspiration (Gross, Atwood, et al., 2003). 
While it is possible that lung volume may not truly affect these parameters of swallowing, it is 
also possible that evaluating healthy young adults who may have the ability to compensate for 
perturbations to the swallowing mechanism, especially when swallowing a well-controlled 
cohesive bolus, may have precluded the ability to detect any differences in swallowing 
physiology in response to varying LVIs. 
In 2016, Drulia performed a similar study comparing swallowing outcomes for 20 mL 
thin liquid boluses in healthy older adults and people with COPD across four different lung 
volume conditions: natural non-cued swallows (NC) and swallows initiated at end-expiratory 
level (EEL), end-inspiratory level (EIL), and total lung capacity (TLC). She did not identify any 
relationship between lung volume initiation and pharyngeal swallow duration in the healthy 
adults – supporting the previous findings by Gross in 2003. However, unlike the Gross study, 
Drulia did identify a significant inverse relationship between lung volume initiation and 
pharyngeal swallow duration in people with chronic obstructive pulmonary disease. Specifically, 
as lung volume increased, pharyngeal swallow duration decreased in the people with chronic 
obstructive pulmonary disease, more closely approximating the pharyngeal swallow duration of 
the healthy adults included in the study. This effect of LVI on pharyngeal swallow duration 
supports the notion that high LVI may increase swallowing efficiency in non-healthy systems, 
and that the effects of LVI on swallowing physiology in healthy adults may not be as readily 
observable due to the potential ceiling effect from their intact physiologic system. Importantly, 
Drulia also identified that as LVI increased from end-expiratory level to non-cued to end-
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inspiratory level, the frequency of post-swallow inspirations decreased from 54%, 31%, and 18% 
in the people with chronic obstructive pulmonary disease, and 32%, 10%, and 10% in the healthy 
adults (Drulia, 2016).  
 
Lung Volume Initiation: Normal Findings in Healthy Adults 
There are less empirical data describing LVI during normal swallowing in healthy 
individuals when compared to the literature on respiratory pause and respiratory phase patterning 
(Hopkins-Rossabi et al., 2019). However, current data suggest that swallowing is typically 
initiated above the end-expiratory level of tidal breathing, somewhere within the range of 42-65 
percent vital capacity (%VC) (Hopkins-Rossabi et al., 2019). 
Two studies have been completed reporting LVI as a %VC or in liters of air relative to 
end-expiratory level which support the notion that healthy adults initiate swallowing at mid-to-
low lung volume. The first was published in 2016 by McFarland and colleagues. In that study, 
the researchers examined LVI in 20 healthy adults across 14 different swallowing conditions that 
varied as a function of bolus size, bolus consistency, bolus delivery method, and verbal cueing. 
Findings from that study revealed LVI to occur within a relatively restricted lung volume range, 
typically between 120-280 mL air above end-expiratory level for 5 mL liquid (uncued) boluses 
and single bites of pudding. McFarland estimated LVI to be within the mid-to-low tidal 
breathing range, or between ~42-48 %VC (D. H. McFarland et al., 2016). Similar findings were 
reported in 2018 by Huff et al., who found that the slow infusion of 3 mL thin liquids elicited an 
LVI for swallowing of 44-48 %VC in healthy adults (Huff et al., 2018).  
In addition to the above research, three additional studies have been published which 
report findings supporting the viewpoint that LVI for swallowing is located within the mid-to-
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low lung volume range in healthy adults. However, because these findings are not explicitly 
reported in %VC or liters of air, these results should be considered more of an LVI estimate. 
Two of these studies were by McFarland and colleagues who evaluated lung volumes when 
swallowing 1 gram of solid food boluses (carrots). In these studies, the researchers found that the 
majority of swallows were initiated "towards the end of the respiratory cycle" – presumably near 
end-expiratory level (D. H. McFarland & Lund, 1995; Mcfarland, Lund, & Le Gagner, 1994). 
The third study was completed by Smith and colleagues who examined RSC during unmeasured 
sips of water and unmeasured bites of donuts in seven healthy adult males. These researchers 
reported that "the most common patterns for the swallow were to occur in midexpiration” but 
that “only 3 percent of the swallows occurred close to end expiration” (J. Smith et al., 1989). 
In contrast to the above, five studies have published explicitly reporting LVI as a %VC or 
liters of air which support the viewpoint that healthy adults initiate swallows within a less 
restrictive lung volume range situated above tidal volume. The first study was completed in 2009 
by Wheeler Hegland who examined LVI during small and large sip sizes of thin and thick bolus 
consistencies in twenty healthy adults. Results from this study revealed that the average LVI of 
healthy adults ranged from 51-56 %VC, located at and above normal tidal breathing lung volume 
range. More so, 95% of the swallows were initiated within the mid-lung volume range located 
between 43 %VC and 64 %VC (K. M. Wheeler Hegland et al., 2009).  
In a 2011 follow up study, Wheeler Hegland examined LVI during sequential cup and 
straw drinking tasks in another set of twenty healthy adults. Again, she identified that average 
LVI was contained within the mid-lung volume range of 55-62 %VC. Additionally, she 
identified that LVI during sequential cup sips (62.9 %VC) were larger than during single cup 
sips (55.7 %VC) or sequential straw sips (55.6 %VC). Of note, she also found that LVI was 
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significantly different across respiratory phase patterns, with a lower LVI associated with post-
swallow inhalations (K. Wheeler Hegland et al., 2011).  
In 2016, Drulia examined LVI during 20 mL liquid swallows in healthy adults and people 
with chronic obstructive pulmonary disease and evaluated the effects of lung volume changes on 
pharyngeal swallow duration. She identified that non-cued sips were initiated at the top of tidal 
volume for healthy adults (680 mL air; 48% VC), and the LVI was significantly lower in people 
with chronic obstructive pulmonary disease (433 mL air; 38% VC). Furthermore, she identified 
that while lung volume did not affect pharyngeal swallow duration in healthy adults, an increase 
in lung volume did lead to a decrease in pharyngeal swallow duration in the people with chronic 
obstructive pulmonary disease (Drulia, 2016). 
In research reporting LVI in liters of air relative to end-expiratory level for healthy 
adults, Lederle found 20, 90, and 180 mL thin liquid swallows were initiated at approximately 
500 mL of air above end-expiratory level (Lederle, Hoit, & Barkmeier-Kraemer, 2012). 
Similarly, McFarland identified that non-cued 15 mL and patient-preferred volume sips of water 
were initiated at an average of 408 mL to 457 mL of air above end-expiratory level (D. H. 
McFarland et al., 2016). Given that average tidal volume is estimated to be ~500 mL of air, then 
these results suggest LVI was located near the end-inspiratory level of tidal breathing. 
Furthermore, nine additional studies have been published providing LVI ‘estimates’ (i.e., 
not explicitly reporting LVI in %VC or in liters of air) that support the viewpoint that LVI for 
swallowing typically occurs near or above the end-inspiratory level of tidal breathing for healthy 
adults. The first of these studies was published by Selley and colleagues who observed that most 
healthy young and older adults exhibit “large exhalations” (Selley, Flack, Ellis, & Brooks, 
1989a). In 1995, Paydarfar and colleagues found that “the majority of the spontaneous (saliva) 
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swallows” analyzed were initiated in late inspiration through mid-exhalation with only a few 
swallows initiated during late exhalation or early inhalation. It is noteworthy that in this study, 
Paydarfar suggests that swallowing at the transition between exhalation and inhalation, which 
rarely happened in his research sample, is the most vulnerable timing for aspiration and 
especially in people with pathological conditions (D. Paydarfar et al., 1995).   
Research by Gross and colleagues found that only ~6-12% of puree and solid food 
swallows are initiated towards the end of tidal exhalation in healthy adults, with LVI lower for 
people with chronic obstructive pulmonary disease or Parkinson’s disease when compared to 
healthy adults (Gross et al., 2008, 2009). Similarly, Yagi identified that healthy adults are more 
likely to initiate swallows early in the respiratory cycle and that swallows initiated near the end 
of the respiratory cycle (near end-expiratory level) demonstrate an increased likelihood of post-
swallow inhalations (Yagi, Oku, et al., 2017). A series of similar research all describe saliva, 
liquid, and solid swallows are initiated within the first half of respiratory cycle or shortly after 
the onset of expiration (Klahn & Perlman, 1999; Matsuo et al., 2008; Palmer & Hiiemae, 2003; 
Preiksaitis et al., 1992).  
The reason for observational differences of typical LVI in healthy adults is not fully 
understood. One possibility may be related to differences in the bolus sizes analyzed across 
studies. For example, the studies which reported lower LVI were generally those that used 
smaller bolus sizes (≤5 mL), while studies that reported higher LVI were generally those that 
used larger bolus sizes (15-50 mL). Another potential explanation is that studies reporting lower 
LVI generally involved clinician-administered boluses, whereas studies reporting higher LVI 
generally utilized self-administered boluses by the participants. Lastly, observational differences 
in typical LVI could be the function of data analysis techniques. Studies which reported lower 
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LVI generally used fixed factors (~2:1) to calibrate the rib cage and chest wall and estimate lung 
volumes. This technique was originally proposed by Banzett (Banzett, Mahan, Garner, Brughera, 
& Loring, 1995) and Mead (Konno & Mead, 1967). The studies that reported higher LVI 
generally used more individualized factors to calibrate the rib cage and chest wall and estimate 
lung volume. This technique was originally proposed by Chadha (Chadha et al., 1982) and has 
been further refined by McKenna and Huber (McKenna & Huber, 2019).  
 
 
Respiratory-Swallow Training as a Treatment for Dysphagia 
The relationship between suboptimal RSC, physiologic changes to swallowing, and 
aspiration is not unique to PD. Suboptimal RSC occurs at disproportionately higher rates in 
patient populations known to be at high risk of dysphagia, including people with chronic 
obstructive pulmonary disease (Cvejic et al., 2011; Gross et al., 2009; Shaker et al., 1992), 
cerebral vascular accidents (Butler et al., 2007), neuromuscular diseases (Hadjikoutis, 
Pickersgill, Dawson, & Wiles, 2000; Terzi et al., 2007), tracheostomy tubes (Gross, Tedla, & 
Ross, 2007), and head and neck cancer (Brodsky et al., 2010; Fullerton et al., 2020; Martin-
Harris et al., 2015). While the association between suboptimal RSC and dysphagia has been 
well-established, rehabilitating suboptimal RSC as a means for improving swallowing function 
has only recently began to garner clinical and scientific interest (David H. McFarland et al., 
2018). 
To date, only three studies have evaluated the effects of respiratory-swallow training on 
the rehabilitation of swallowing kinematics, residue, and penetration/aspiration in people with 
dysphagia. The first of these studies was published in 2015 by Martin-Harris and colleagues. In 
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this study, Martin-Harris and colleagues designed a respiratory-swallow training protocol which 
involved training participants to perform an exhale-swallow-exhale pattern initiated within the 
restricted mid-to-low tidal breathing lung volume range over the course of four to eight twice-
weekly 1-hour sessions of clinician delivered therapy. The therapy was implemented using a 
constant practice training paradigm, whereby participants consistently practiced the target RSC 
behavior without any formal variation in swallowing conditions (e.g., variation bolus delivery 
method, bolus volume, bolus consistency) nor any variation in the RSC task itself (e.g., 
intentional practice of a ‘suboptimal’ RSC behaviors). During this training protocol, participants 
also relied on visually guided biofeedback to augment motor learning. Lastly, the protocol was 
structured such that there were three learning modules: (1) the Identification Module, whereby 
the goal was to “enable patients to identify quiet breathing respiratory phases and volumes, the 
characteristic respiratory pause that occurs to accommodate swallowing, and optimal and 
nonoptimal respiratory-swallow patterns;” (2) the Acquisition Module, whereby the goal was to 
produce the optimal exhale-swallow-exhale pattern at a mid-to-low lung volume with and 
without the visual biofeedback at 80% accuracy; and (3) the Mastery Module, whereby the goal 
was to produce the optimal exhale-swallow-exhale pattern at a mid-to-low lung volume without 
visual biofeedback at 90% accuracy. Results from this study revealed that all study participants 
completed the mastery module within 8 sessions or less, demonstrating that training optimal RSC 
was feasible in people with dysphagia and that people can learn to alter their RSC behaviors. 
Importantly, improvements in swallowing function were also observed following respiratory-
swallow training. Specifically, this group of dysphagic head and neck cancer patients 
demonstrated significant improvements in laryngeal vestibule closure, tongue base retraction, 
swallowing safety, and swallowing efficiency (Martin-Harris et al., 2015). This pioneering study 
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demonstrated the potential utility of respiratory-swallow training as an evidenced-based 
treatment paradigm to rehabilitate suboptimal RSC and swallowing in dysphagic patients with 
head and neck cancer. 
Building off of the work by Martin-Harris and her colleagues, I sought to begin to 
explore the effects of respiratory-swallow training on swallowing rehabilitation in neurogenic 
patient populations. This pilot research was done by completing two single subject research 
studies using a respiratory-swallow training protocol designed specifically for people with 
neurogenic dysphagia and potential motor learning impairments. Specifically, both studies 
integrated standardized augmented verbal feedback instructions for the treating clinician, and in 
contrast to the Martin-Harris study, did not incorporate the use of guided visual biofeedback for 
the participants. Additionally, both studies relied on a variable practice training approach 
whereby participants intentionally practiced optimal and suboptimal RSC behaviors as a method 
of potentially enhancing motor learning outcomes (see below section ‘Motor Learning and 
Parkinson’s Disease’).  
The first of the two single subject research studies that we completed as pilot work 
involved a 68-year-old male with a 1.5-year history of anoxic brain injury, severe dysphagia, 
mild-moderate cognitive impairments, and severe spasticity of the limbs, trunk, and bulbar 
muscles. This study involved four once-weekly sessions of respiratory-swallow training using a 
variable practice training approach with pre- and post-treatment assessments of RSC behaviors 
and swallowing function. Respiratory-swallow training had a large treatment effect on the skill 
acquisition of optimal RSC (d = 1.36). Specifically, this participant demonstrated an increase in 
the frequency of optimal RSC patterning from 45% of the swallowing trials pre-treatment to 90% 
of the swallowing trials post-treatment. Additionally, results from the flexible endoscopic 
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evaluation of swallowing demonstrated a medium-to-large treatment effect on swallowing safety 
(d = .67). Following the respiratory-swallow training therapy, aspiration was eliminated and the 
frequency and severity of laryngeal penetration and pharyngeal residue across swallowing 
conditions was reduced (J. A. Curtis, Seikaly, & Troche, 2020).  
The second single subject research study (which forms Chapter 4 of this dissertation 
document) involved an 81-year-old male with mid-stage PD (Hoehn and Yahr Stage 3), 
moderately severe motor symptoms (Unified Parkinson’s Disease Rating Scale score of 32), and 
severe dysphagia. This study involved four twice-weekly sessions of respiratory-swallow 
training – also using a variable practice training approach. Respiratory-swallow training was 
found to elicit large, positive treatment effects on the acquisition of optimal RSC (d = 4.98). 
Specifically, this participant demonstrated an increase in the frequency of optimal RSC 
patterning from 23% of swallowing trials pre-treatment to 90% of swallowing trials post-
treatment. This improvement was seen immediately post-therapy and was maintained upon a 
retention assessment visit performed 10-weeks post-therapy completion. Additionally, results 
from the flexible endoscopic evaluation of swallowing also demonstrated a significant reduction 
in the amount and frequency of residue, penetration, and aspiration of foods and liquids 
following completion of the respiratory-swallow training therapy (J. A. Curtis, Dakin, & Troche, 
2020). 
Together, these studies provide preliminary evidence that respiratory-swallow training is 
possible in PD. However, several gaps in our understanding of RSC and motor learning exist that 
require further exploration before implementing RSC as a treatment target for dysphagia 
rehabilitation in PD. First, because the influence of lung volume on swallowing function in PD 
remains unknown, it is unclear if and how lung volume should be included as a therapy target 
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within a respiratory-swallow training protocol for people with PD. Additionally, motor learning 
impairments are often present in PD which provide unique challenges to swallowing 
rehabilitation skill training that may not be otherwise present in neurologically healthy patient 
populations such as people with head and neck cancer (Doyon et al., 2009; Ferrazzoli et al., 
2018). It is therefore unclear how traditional principles of motor learning, which have been 
largely researched in neurologically healthy adults for limb movements, influence respiratory-
swallow training outcomes in PD. Developing a more thorough understanding of how principles 
of motor learning affect respiratory-swallow skill training in PD is a necessary step for 
enhancing skill acquisition, developing a disease-specific training protocol for PD, and for 
ultimately optimizing swallowing rehabilitation outcomes in this patient population.  
 
Motor Learning and Parkinson’s Disease 
Skill training has become an increasingly popular treatment paradigm within field of 
dysphagia rehabilitation (Huckabee & Burnip, 2019; Huckabee & Lamvik-Gozdzikowska, 
2018). Because of this, there is a need for clinicians who are administering swallowing skill 
training therapies to comprehensively understand how principles of motor learning can be used 
to enhance training outcomes in people with neurologic disease and cognitive impairments. 
Generally speaking, factors known to influence motor skill learning for limb movements in 
neurologically healthy adults include the style of instruction (e.g., visual demonstration and type 
of verbal instruction), the use of augmented feedback (i.e., frequency, timing, and type of 
feedback), and the manipulation of practice conditions (e.g., practice variability and specificity, 
the amount and distribution of practice, whole and part practice, mental practice) (Badets & 
Blandin, 2005; Boutin & Blandin, 2010; Magill & Anderson, 2017; Sigrist, Rauter, Riener, & 
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Wolf, 2013; S. L. Smith & Ward, 2006; Winchester, Porter, & Mcbride, 2009; Wrisberg & Liu, 
1991). Additional research demonstrates that variables such as increased motivation, patient 
autonomy, enhanced expectations, and external focus of attention all have profoundly positive 
effects on motor skill learning and motor skill acquisition (Wulf & Lewthwaite, 2016).   
In the field of speech-language pathology and dysphagia management, modifications to 
treatment delivery are frequently made based on the percent accuracy of the skill training target 
within an individual treatment session. For example, if a patient performs a motor skill with low 
accuracy within a treatment session, then the following treatment session may likely incorporate 
more clinician scaffolding or an easier skill training target. This alteration in the treatment plan is 
executed with the intention of facilitating greater motor performance with the notion that 
increased motor performance accuracy is associated with greater long-term motor learning 
outcomes (and thus, speech and swallowing rehabilitation outcomes). Conversely, if a patient 
performs a motor skill with high motor performance accuracy within an individual treatment 
session (e.g., 80% accuracy with minimal clinician assistance), then the patient is presumed to 
have learned the motor skill of interest, and therefore a new therapy target may likely be 
introduced. Central to these clinical skill-training scenarios are the concepts of ‘motor 
performance’ and ‘motor learning’.    
Motor performance and motor learning are two related but distinctly different processes 
associated with motor skill acquisition. Motor performance refers to the behavioral act of 
performing a motor skill at a specific time and in a specific situation. It is an observable behavior 
that can be immediately and directly measured within any given treatment session. Conversely, 
motor learning refers to the relatively permanent change in the capability of a person to perform 
a motor skill as a result of practice or experience. It is a process of motor skill acquisition that is 
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inferred and measured by the ability of a learner to accurately and consistently perform the 
trained motor skill after a long period of time without practice (‘retention/maintenance’). Motor 
learning is also inferred by measuring how accurately and consistently can perform similar but 
untrained motor tasks (‘generalization testing’) (Magill & Anderson, 2017).  
From a rehabilitation standpoint, it is retention and generalization of the training target 
that is the ultimate goal of any skill-based rehabilitation treatment. Therefore, it is of clinical 
significance to identify how best to enhance retention and generalization, rather than only 
enhancing immediate motor performance. In neurologically healthy adults, what is worse for 
immediate motor performance is often better for long-term motor learning – a somewhat 
paradoxical observation attributed to the ‘contextual interference effect’ (Soderstrom & Bjork, 
2015). Contextual interference refers to the functional disruption to memory and motor 
performance present when practicing multiple different skills or variations of the same skill 
within a practice session (Boutin & Blandin, 2010; Brady, 1998). Contextual interference can be 
increased or decreased by a variety of factors including the type of feedback (e.g., knowledge of 
performance vs knowledge of results), timing of feedback (e.g., immediate vs delayed), 
frequency of feedback (e.g., after every trial vs after every five trials), practice schedule (e.g., 
blocked vs randomized practice), and practice conditions (e.g., constant vs variable practice).  
Skill training involving low contextual interference situations is associated with greater 
accuracy in immediate motor performance, but less long-term retention and generalization, when 
compared to training involving high contextual interference situations (Boutin & Blandin, 2010; 
Brady, 1998). One method for facilitating low contextual interference is through the use of 
constant practice (Shea, Kohl, & Indermill, 1990; Shea & Kohl, 1991; Wrisberg & Liu, 1991). 
For example, if attempting to learn a basketball free throw, constant practice would mandate 
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practicing the free throws only at the free throw line. Conversely, motor skill training involving 
high contextual interference situations is associated with less accuracy during initial training 
sessions, but greater long-term retention and generalization of the learned motor skill, when 
compared to training under lower contextual interference situations (Blandin, Proteau, & Alain, 
1994; Magill & Anderson, 2017; Magill & Hall, 1990). One method for facilitating high 
contextual interference is through the use of variable practice (Shea et al., 1990; Shea & Kohl, 
1991; Wrisberg & Liu, 1991). Using the free throwing example, variable practice would dictate 
practicing free throws not just at the free throw line, but also in front, behind, to the left, and to 
the right of the free throw line. Both constant practice and variable practice can elicit motor 
learning. However, it has been repeatedly shown that variable practice elicits better long-term 
retention and generalization when compared to constant practice in neurologically healthy adults 
(Soderstrom & Bjork, 2015).  
Contextual interference is thought to enhance implicit motor learning through its 
facilitation of problem solving and error processing (Boutin & Blandin, 2010; Broadbent, 
Causer, Mark Williams, & Ford, 2017). These processes rely on several key neurocognitive 
functions including memory, attention, executive function, feedback processing, and feedforward 
planning (Hester, Foxe, Molholm, Shpaner, & Garavan, 2005). For healthy adults with intact 
neural functioning, contextual interference has been found to enhance motor learning outcomes 
of novel tasks and of previously acquired motor skills. Cognitive abnormalities in memory, 
attention, executive function, habit formation, and error processing are also common in PD – 
present even during the early stages of the disease process (Beste, Willemssen, Saft, & 
Falkenstein, 2009; Cameron et al., 2012; Cooper, Sagar, Jordan, Harvey, & Sullivan, 1991; 
Moustafa et al., 2016; Packard & Knowlton, 2002; Schönberger et al., 2013; Taylor, Saint-Cyr, 
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& Lang, 1990; Y. X. Wang et al., 2017). These changes in cognitive functioning negatively 
impact the ability to learn new motor skills and modulate previously acquired motor behaviors 
(Gan et al., 2017; Moustafa et al., 2016; Schönberger et al., 2013; Taylor et al., 1990; Wulf, 
Chiviacowsky, & Drews, 2015). Additionally, motivational and affective disorders (e.g., apathy, 
depression) are also highly prevalent in PD (Drui et al., 2014; Pedersen, Larsen, Alves, & 
Aarsland, 2009; Poewe, 2008; Yamamoto, 2001) which have the potential to negatively affect 
skill training and motor learning outcomes (Lemos, Wulf, Lewthwaite, & Chiviacowsky, 2017; 
Wulf, Chiviacowsky, & Cardozo, 2014; Wulf et al., 2015; Wulf & Lewthwaite, 2016). Because 
of this, principles of motor learning that apply to neurologically healthy adults may not apply to 
people with PD.  
Much more research is needed to determine how principles of motor learning, which have 
been largely established for limb training in neurologically healthy adults, translate to 
swallowing skill training in people with neurologic diseases and motor learning deficits. We 
have begun to explore this by examining the effects of variable practice in two single subject 
treatment studies utilizing a variable practice approach to train optimal RSC. Both patients, one 
with PD and one with anoxic brain injury, demonstrated significant improvements in the 
accuracy and consistency of optimal RSC, with improvements maintained several months after 
the completion of therapy. While variable practice has been used as skill-based training approach 
for swallowing rehabilitation in PD and related disorders (Athukorala, Jones, Sella, & Huckabee, 
2014; J. A. Curtis, Dakin, & Troche, 2020; J. A. Curtis, Seikaly, & Troche, 2020; Perry, Sevitz, 
Curtis, Kuo, & Troche, 2018), no studies have compared the effects of variable practice versus 
constant practice on swallowing-related skill training outcomes in PD. Determining if increasing 
contextual interference through the use of variable practice can improve on respiratory-swallow 
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skill training outcomes is of utmost importance during the preliminary stages of developing a 
respiratory-swallow skill training protocol for people with PD in order to optimize RSC motor 
learning and swallowing rehabilitation outcomes.  
 
Scientific Gap 
Several important questions critical for improving the care and management of dysphagia 
in people with PD need to be addressed. First, what is the relationship between person 
demographics, disease outcomes, respiratory function, and swallowing conditions with RSC in 
PD? Second, what is the influence of RSC on swallowing safety and efficiency in PD, and what 
RSC behaviors are most optimal for facilitating safe and efficient swallowing? And lastly, can 
optimal RSC be trained in PD, and if so, what are the best methods to teach optimal RSC and 
what effects does it have on swallowing rehabilitation? Elucidating these questions is critical for:  
tailoring our evaluations of RSC and dysphagia specific to people with PD; enhancing 
intervention planning, treatment recommendations, rehabilitation outcomes; and, ultimately 
improving swallowing-related health and quality of life in people with PD. 
 
Study Aims and Research Questions 
Given the scientific gaps mentioned above, the aims of the present dissertation document 
are: (1) to examine the mechanistic underpinnings of RSC in PD; (2) to explore the feasibility of 
training optimal RSC in PD; and (3) to test the effects of respiratory-swallow training on 
swallowing rehabilitation and motor learning. To address these aims, several research studies 
were completed. Chapter 2 will present findings from a study examining the mechanistic 
underpinnings of RSC in PD. This study evaluated how demographic factors (e.g., age, sex, 
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weight), disease outcomes (e.g., disease severity, disease duration), respiratory function (e.g., 
respiratory strength, sensation, and pulmonary function tests), and swallowing conditions (e.g., 
bolus size, consistency, delivery method) influenced respiratory pause duration, respiratory 
phase patterning, and lung volume initiation in PD. Chapters 3-4 will present findings from two 
studies exploring the feasibility of treating suboptimal RSC in PD. The first of these two studies 
examined the effects of verbal cueing on RSC in PD to determine if RSC could be immediately 
altered with clinician instructions. The second of these two studies assessed the effects of 
respiratory-swallow training on the acquisition of optimal RSC and subsequent changes to 
swallowing function in a single person with mid-stage PD and severe dysphagia. Chapter 5 will 
present findings from a study assessing the effect of respiratory-swallow training on motor 
learning and swallowing outcomes within a cohort of people with PD. Nested within this study is 
an exploratory aim comparing the effectiveness between constant and variable practice in order 
to determine how principles of motor learning for neurologically healthy adults translate to 
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Purpose: Respiratory-swallow coordination (RSC) is thought to be critical for safe and efficient 
swallowing. Suboptimal RSC has been reported in Parkinson’s disease (PD), however a 
comprehensive understanding of the factors influencing RSC in PD and its effect on swallowing 
is limited. Therefore, the aims of this study were to: (1) characterize differences in RSC across 
swallowing conditions in PD; (2) examine the influence of patient-specific factors on RSC in 
PD; and (3) assess the influence of RSC on swallowing safety (penetration and aspiration) and 
swallowing efficiency (pharyngeal residue) in PD.  
 
Method: Twenty-four people with PD were prospectively recruited to undergo simultaneous 
assessment of RSC and swallowing function. Patient-specific data were collected including 
demographic information, cognitive performance, pulmonary function, respiratory strength, and 
perceived respiratory sensation. RSC and swallowing function were examined across twelve 
swallowing conditions using flexible endoscopic evaluation of swallowing. Differences in RSC 
were compared across conditions and the relationships between patient-specific factors and RSC 
were examined. Lastly, the influence of RSC on residue and penetration-aspiration was assessed. 
 
Results: RSC changed as a function of bolus volume, consistency, and delivery method, but was 
largely unaffected by the patient-specific factors included in this study. Penetration-aspiration 
was significantly influenced by respiratory phase patterning and respiratory pause duration, 
while vallecular and piriform residue were significantly influenced by lung volume initiation and 
respiratory pause duration.  
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Conclusions: RSC changes as a function of swallowing condition in people with PD, with small 
sips of thin liquid being the most likely to facilitate optimal RSC behaviors. Additionally, 
swallowing safety and efficiency were greater when exhaling before and after the swallow and 
when initiating swallows at lung volumes near or above tidal volume. Future research is needed 
to examine the influence of RSC training on swallowing safety and efficiency in PD. 
 




















Parkinson’s disease (PD) is a neurodegenerative disorder affecting approximately 
1,000,000 adults within the United States (Dorsey et al., 2007; Marras et al., 2018; Pringsheim, 
Jette, Frolkis, & Steeves, 2014). PD is primarily characterized by degeneration of dopaminergic 
neurons within the basal ganglia (Davie, 2008). However, neural degeneration in people with PD 
is also frequently observed in the hippocampus, temporal and cingulate cortices, hypothalamus, 
medullary tegmentum, pontine tegmentum, pontine nuclei (Dickson, 2012). These widespread 
pathologic changes lead to hallmark symptoms of hypokinesia, bradykinesia, muscle rigidity, 
and resting tremor (Davie, 2008). These motor symptoms can affect muscles of the limbs, 
respiratory system, head, neck, and aerodigestive tract (Davie, 2008). As a result, there is a high 
prevalence of abnormalities in breathing (O’Callaghan & Walker, 2018; Shill & Stacy, 2002), 
swallowing (Kalf, De Swart, Bloem, & Munneke, 2012; Pflug et al., 2018), and respiratory-
swallow coordination (Curtis & Troche, 2020; Gross et al., 2008; Pinnington, Muhiddin, Ellis, & 
Playford, 2000; Chin Man Wang, Shieh, Weng, Hsu, & Wu, 2017). This is significant given that 
pneumonia, a pulmonary infection that frequently develops secondary to impaired swallowing 
function, is a leading cause of death in PD (Beyer, Herlofson, Arsland, & Larsen, 2001; Fall, 
Saleh, Fredrickson, Olsson, & Granerus, 2003; Morgante et al., 2000; Wermuth, Stenager, 
Stenager, & Boldsen, 1995).  
Respiratory dysfunction is common in PD and can develop as a result of the disease 
process and in response to long-term use of levodopa medications (Sabaté, Rodríguez, Méndez, 
Enríquez, & González, 1996; Torsney & Forsyth, 2017). The types of respiratory problems most 
commonly reported in PD include restrictive lung diseases, upper airway obstruction, and 
abnormal central control of ventilation (O’Callaghan & Walker, 2018). The pathophysiology 
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underlying these maladaptive changes to respiratory function is not fully understood, but is 
thought to be the combined result of increased chest wall rigidity, reduced respiratory muscle 
strength, postural changes (kyphosis), and impaired brainstem ventilatory control (Dos Santos et 
al., 2019; Torsney & Forsyth, 2017). Together, these changes have been associated with 
increased ventilatory breathing rate, decreased tidal volume, increased duration of tidal 
inspiration, decreased expiratory reserve volume, frequent self-reports of dyspnea, and decreased 
lung volume initiation during speech (Baille, Chenivesse, et al., 2019; Baille, Perez, et al., 2019; 
Bunton, 2005; O’Callaghan & Walker, 2018). Importantly, these maladaptive changes to 
respiratory function are associated with dysphagia in PD (Monteiro et al., 2014).  
Growing evidence also demonstrates that respiratory sensation is frequently impaired in 
PD (Baille, Perez, et al., 2019; Barone et al., 2009; Hammer & Barlow, 2010; Hegland, Troche, 
& Brandimore, 2019; Leow, Beckert, Anderson, & Huckabee, 2012; Mu, Sobotka, Chen, Su, 
Sanders, Nyirenda, et al., 2013; Onodera, Okabe, Kikuchi, Tsuda, & Itoyama, 2000; Pitts, 
Hegland, Sapienza, Bolser, & Davenport, 2016; Witjas et al., 2002). This is important given that 
reductions in perceived respiratory-related sensations are associated with significant changes in 
speech and swallowing physiology (Hegland et al., 2019; M. S. Troche, Brandimore, Okun, 
Davenport, & Hegland, 2014; M. S. Troche, Schumann, Brandimore, Okun, & Hegland, 2016). 
Like respiratory dysfunction, the pathophysiology underlying the development of 
dysphagia in PD is also thought to be multifactorial. Potential contributors to dysphagia include 
reduced lung volumes and capacities (Monteiro et al., 2014), reduced respiratory muscle strength 
(M. Troche et al., 2010), impaired peripheral and central sensation (Conte, Khan, Defazio, 
Rothwell, & Berardelli, 2013; Hammer & Barlow, 2010; Hegland et al., 2019; Mu, Sobotka, 
Chen, Su, Sanders, Nyirenda, et al., 2013; M. S. Troche, Brandimore, Okun, et al., 2014), and 
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changes to the respiratory, laryngeal, and pharyngeal neuromuscular anatomy (Curtis, Molfenter, 
& Troche, 2020a; Mu et al., 2012; Mu, Sobotka, Chen, Su, Sanders, Adler, et al., 2013; 
Silverman et al., 2006; Yiu, Curtis, Perry, & Troche, 2019). However, the pathogenesis of PD is 
such that impairments in motor control and coordination are thought to be the primary cause of 
dysphagia in this patient population (Suttrup & Warnecke, 2016). This hypothesis is supported in 
part by research demonstrating altered brain connectivity in people with PD with dysphagia 
compared to people with PD without dysphagia, variability in swallowing physiology in people 
with PD compared to healthy adults, and changes to swallowing kinematics in PD as a function 
of external verbal cueing, disease severity, deep brain stimulation, and the use of Parkinson-
related medications (Argolo, Sampaio, Pinho, Melo, & Nóbrega, 2015a; Cereda et al., 2014; 
Curtis, Molfenter, & Troche, 2020b; Gao et al., 2019; Jones & Ciucci, 2016; Kalf et al., 2012; 
Leopold & Kagel, 1996; Silbergleit et al., 2012; Sutton, 2013; M. S. Troche, Brandimore, Foote, 
et al., 2014; M. S. Troche, Brandimore, Foote, & Okun, 2013; M. S. Troche, Brandimore, et al., 
2016; M. S. Troche, Schumann, et al., 2016).  
One important aspect of motor control that is critical for safe and efficient swallowing is 
the coordination between breathing and swallowing. During breathing, the lungs and chest wall 
expand and deflate, and the larynx remains opens, to allow air to flow between the lower airway 
and the pharynx, while during swallowing, respiratory activity temporarily pauses and the larynx 
closes to prevent foods and liquids from being aspirated into the lungs. Both breathing and 
swallowing are centrally mediated behaviors controlled by shared and interacting neuronal 
groups co-localized within the brainstem (Broussard & Altschuler, 2000; Davenport, Bolser, & 
Morris, 2011; Dick, Oku, Romaniuk, & Cherniack, 1993; Ertekin & Aydogdu, 2003; Jean, 2001; 
Miller, 1986; Oku, Tanaka, & Ezure, 1994; Saito, Ezure, & Tanaka, 2002; Saito, Ezure, Tanaka, 
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& Osawa, 2003). This sharing of neural substrates results in a swallowing-induced remodeling of 
the respiratory neural network (Matsuo, Hiiemae, Marlis Gonzalez-Fernandez, & Palmer, 2008; 
Mcfarland & Lund, 1993; D. H. McFarland & Lund, 1995; Palmer & Hiiemae, 2003; D. 
Paydarfar, Gilbert, Poppel, & Nassab, 1995; Preiksaitis, Mayrand, Robins, & Diamant, 1992; 
Preiksaitis & Mills, 1996). This shaping of the respiratory system by swallowing results in a 
slowing of the respiratory cycle before and after the swallow and period of obligatory apnea 
during the swallow – demonstrating the strength of the neurologic coordination present between 
these two behaviors.  
Clinically, respiratory-swallow coordination (RSC) is frequently characterized by three 
parameters: respiratory pause duration, respiratory phase patterning, and lung volume initiation. 
Healthy, non-dysphagic adults typically swallow with a respiratory pause of 0.5-1.5 seconds and 
an exhale-swallow-exhale pattern initiated within the mid-lung volume range – though some 
variability exists (Hopkins-Rossabi, Curtis, Temenak, Miller, & Martin-Harris, 2019). These 
patterns in RSC are thought to facilitate physiologic advantages important for safe and efficient 
swallowing, including enhanced vocal fold closure, glottal closure reflex, laryngeal elevation, 
upper and lower esophageal sphincter openings, deglutitive subglottal pressure generation, and 
pharyngeal muscle activity, and pharyngoesophageal pressure gradients (Aviv et al., 2002; Dua, 
Ren, Bardan, Xie, & Shaker, 1997; Gross, 2014; Irvin, Sampson, Engel, & Grassino, 1984; 
Kawasaki, Ogura, & Takenouchi, 1964; Kogo et al., 2003; David H. McFarland, Harris, & 
Fortin, 2018; David Paydarfar & Buerkel, 1995). 
Suboptimal RSC is frequently seen in PD and is characterized by nonexhale-swallow-
exhale patterns often initiated outside the mid-lung volume range. Specifically, people with PD 
tend to inhale more frequently before and/or after swallowing when compared to healthy adults. 
82 
 
In fact, approximately 15-70% of liquid swallows (Curtis & Troche, 2020; Lim, Leow, 
Huckabee, Frampton, & Anderson, 2008; Pinnington et al., 2000; M. S. Troche, Huebner, 
Rosenbek, Okun, & Sapienza, 2011; Chin Man Wang et al., 2017) and 25-42% of semisolid and 
solid swallows (Gross et al., 2008) are immediately preceded or followed by an inhalation. This 
is of clinical importance given that inhaling before and/or after swallowing is associated with 
aspiration in PD (M. S. Troche et al., 2011).  
It remains unclear if differences in respiratory pause duration exist in PD when compared 
to healthy adults. While some researchers have identified longer pause durations in PD compared 
to health controls (Pinnington et al., 2000), other researchers have found no differences (Gross et 
al., 2008; Chin Man Wang et al., 2017). Furthermore, it remains unknown in what direction 
(longer or shorter) respiratory pause durations are considered to be most optimal for swallowing. 
Given that the respiratory pause is protective in nature, we hypothesize that a longer respiratory 
pause might represent a beneficial compensation to impaired swallowing physiology such as 
delayed airway closure and delayed pharyngeal swallow initiation – both of which contribute to 
aspiration in PD (Argolo, Sampaio, Pinho, Melo, & Nóbrega, 2015b; Curtis, Molfenter, et al., 
2020b; Schiffer & Kendall, 2019).  
Lung volume initiation (LVI) has been a largely understudied aspect of RSC in PD, with 
only two studies published examining this area of clinical interest. The first study was published 
in 2008 by Gross and colleagues. In this study, researchers found that people with PD swallowed 
solid and semisolid boluses significantly more frequently near the end of the rest breathing cycle 
(i.e., near end-expiratory level) when compared to healthy controls (Gross et al., 2008). The 
second study was published in 2020 by our research team. In this study, we identified that people 
with PD had an average LVI associated with the mid-to-low tidal breathing range during non-
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cued sips of liquids (Curtis & Troche, 2020). Together, these two studies provide preliminary 
evidence that people with PD may have a propensity to initiate swallows within the mid-to-low 
lung volume range. Controversy exists regarding where within the lung volume range is most 
optimal for swallowing, with some researchers suggesting a relatively broad lung volume 
situated at or above tidal volume being most typical and optimal, while other researchers suggest 
a more restricted lung volume range situated within the mid-to-low tidal breathing range being 
most typical and optimal (Hopkins-Rossabi et al., 2019). Therefore, it remains unknown if the 
LVI that has been observed in PD is advantageous for swallowing or represents a maladaptive 
physiologic change that could be suboptimal for safe and efficient swallowing. 
More research is needed to comprehensively understand how respiratory pause, phase 
patterning, and LVI change in PD and how these changes contribute to the development of 
dysphagia in this patient population. Understanding these points of inquiry would assist in 
elucidating areas of pathophysiologic impairment as it relates to swallowing dysfunction and in 
identifying potential targets for dysphagia rehabilitation. Therefore, this study sought to examine 
three aims intended to address these gaps in understanding. In our first aim, we sought to 
characterize RSC in PD and determine how RSC changes across swallowing conditions. We 
hypothesized that RSC would change as an effect bolus size, sequential swallowing, and bolus 
delivery method, but not as a function of bolus consistency or the presence of a flexible 
laryngoscope in situ transnasally. In our second aim, we sought to determine how RSC changes 
as a function of patient-specific factors. We hypothesized that RSC would change as an effect of 
disease severity, pulmonary function, and respiratory sensation. In our third aim, we sought to 
determine the influence of RSC on swallowing safety and efficiency. We hypothesized that 
nonexhhale-swallow-exhale patterns, longer respiratory pauses, and lower LVI would increase 
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the frequency and severity of pharyngeal residue, penetration, and aspiration of ingested foods 
and liquids.  
 
METHOD 
The Teachers College, Columbia University Institutional Review Board approved this 
study (IRB Protocol#: 19-469). This study was conducted in accordance with the amended 
Declaration of Helsinki, and all participants provided written and verbal consent prior to 
participating in study procedures. This study was completed within the context of a larger 
swallowing treatment research study. Participants were blinded to the fact that respiratory-
swallow coordination was being measured and was a primary area of research interest. 
 
Participants 
All participants were prospectively recruited. For this portion of the study, the only 
inclusion criteria was a diagnosis of idiopathic PD. Exclusion criteria included: (1) any 
neurologic disease other than PD; (2) history of cancer of the head, neck, or lungs; or (3) history 
of respiratory disease not otherwise associated with PD (e.g., chronic obstructive pulmonary 
disease; lung cancer). Age, sex, height, weight, and body mass index (BMI) were collected from 
enrolled participants. 
 
Neurologic and Cognitive Function 
 Hoehn & Yahr stage (HYS) and Unified Parkinson’s Disease Rating Scale (UPDRS) 
were obtained as measures of the participants’ disease severity. Additionally, all participants 
underwent a comprehensive assessment of cognitive function using the 2nd edition of the 
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Pulmonary function tests were completed using spirometry. Participants were seated 
upright and outfitted with a facemask connected to a pneumotachograph, data acquisition 
hardware, and computer. Pulmonary function testing included the completion of two 1-minute 
trials of rest breathing, three slow vital capacity maneuvers, and one forced vital capacity 
maneuver. Airflow signals were stored digitally into the LabChart 8.0 analysis software 
(ADInstruments). Pulmonary function measures included: breaths per minute, vital capacity, 
forced vital capacity (FVC), forced expiratory volume in one second (FEV1), and FEV1/FVC 
ratio. 
 
Respiratory Muscle Strength 
Respiratory strength was examined by measuring maximal expiratory pressures and 
maximal inspiratory pressures using a handheld respiratory manometer (MicroRPM, 
CareFusion). Maximal expiratory pressures were completed first. During this procedure, 
participants were seated upright and instructed to inhale to total lung capacity, seal their lips 
tightly around the intraoral mouthpiece of the manometer, then exhale as forcefully as possible. 
Maximal inspiratory pressures were completed second. During this procedure, participants were 
instructed to exhale to expiratory reserve volume, then seal their lips tightly around the same 
respiratory manometer, and inhale as forcefully as possible. Nose clips were worn for both tasks 
to prevent nasal air leakage. Each task was performed three times, with a minimum of 30 
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seconds rest between each trial, or until the participant felt fully recovered. Verbal 
encouragement (“Go go go!”) was provided during each trial. The maximum of the three trials 
for each task was recorded and used for data analysis. 
 
Perceived Respiratory Sensation 
Inspiratory resistive loading was used to examine magnitude estimation of perceived 
respiratory sensation (Hegland et al., 2019; Tsai, Chan, von Leupoldt, & Davenport, 2013). 
During this procedure, participants were seated in an upright position facing away from the 
resistive loading apparatus. Participants breathed through an intraoral mouthpiece, which was 
connected to a non-rebreathing valve in line with a differential pressure transducer and a resistive 
loading manifold (Hans Rudolph 2700 series). Nose clips were placed on the participant to 
prevent nasal breathing during the experimental procedure. The manifold consisted of six 
magnitudes of resistive loads (0, 2.5, 5, 10, 25, 40 cmH2O/L/s) separated by rubber stopped 
ports. Removal of a rubber stop applied the resistive loading upon inspiration (Figure 1).  
The resistive loads were presented in a randomized block design. A total of 3 
presentations of each load was applied. Resistive loading was presented at the beginning of a 
respiratory cycle for one complete inspiration. After each presentation, participants provided an 
estimate of their perceived difficulty of inhaling against the load using the Borg Scale of 
Exertion, with scores ranging from 6 (no effort) to 20 (maximal effort) (Borg, 1982). Participants 
were familiarized with load extremes (no load and maximal load) prior to the start of this 
experimental procedure. A sensitivity slope of perceived respiratory sensation was created for 
each participant by plotting the magnitude estimation and resistive load on a log-log linear scale, 





Figure 1: Schematic of the resistive loading manifold, with removal of the first stopper for no-
resistance (top) and removal of the fourth stopper for a resistance of 10 cmH20 (bottom). 
 
Swallowing Safety and Efficiency 
Flexible endoscopic evaluation of swallowing (FEES) was used to examine swallowing 
safety (penetration/aspiration) and efficiency (pharyngeal residue). FEES equipment consisted of 
a 3.0 mm diameter flexible distal chip laryngoscope (ENT-5000; Cogentix Medical, New York, 
USA) and video system with integrated LED light source LCD display (Cogentix Medical, DPU-
7000A). The flexible laryngoscope was passed transnasally without the use of topical anesthetic 
or vasoconstrictors. The tip of the endoscope was positioned within the oropharynx to visualize 
the pharynx, larynx, and subglottis before and after all swallows.  
During the FEES, participants were seated in an upright position were instructed to avoid 
talking during the exam unless instructed by the clinician. The FEES protocol included 23 bolus 
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trials across 11 swallowing conditions. The order of presentation for these bolus trials and 
swallowing conditions included:  
1. 5 mL thin water via syringe (3x) 
2. 5 mL thin water via a 30 mL medicine cup (3x) 
3. 15 mL thin water via a 30 mL medicine cup (3x) 
4. Patient preferred volume (PPV) of thin liquid via an 8-ounce cup (3x) 
5. PPV of mildly thick water via an 8-ounce medicine cup (3x) 
6. 5 mL vanilla pudding via spoon (3x) 
7. 5 mL mixed consistency of pineapple tidbits with juice via spoon (1x) 
8. 5 mL thin water via spoon (1x) 
9. PPV thin water via straw (1x) 
10. 50 mL thin water via cup (1x) 
11. 90 mL thin water via cup (1x) 
White (AmeriColor), blue (Chef-o-Van) and green (Chef-o-Van) food coloring was used 
to enhance endoscopic visualization of liquid boluses (Figure 2) (Curtis, Seikaly, Dakin, & 
Troche, 2020). Flow testing was completed accordingly to the International Dysphagia Diet 
Standardisation Initiative (IDDSI) recommendations: thin water was tested to IDDSI Level 0; 
mildly thick water was tested to IDDSI Level 2, vanilla pudding was tested to IDDSI Level 5; 
and the mixed consistency was tested to IDDSI Levels 6 and 0.  
All boluses were self-administered, with the exception of the liquid boluses delivered via 
syringe or spoon. Participants were instructed to complete all boluses within a single swallow, 
with the exception of the mixed consistency, 50 mL, and 90 mL boluses. Instructions for the 
single swallows were given prior to the start of the FEES so as to avoid any effects of verbal 
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cueing on respiratory-swallow coordination (Curtis & Troche, 2020). The second and third trials 
 
 
Figure 2: Food and liquid setup for FEES swallowing conditions 
 
within each swallowing condition were skipped if the preceding trial exhibited gross aspiration 
without the ability to clear the aspirate material to a minimal amount. The 90 mL sequential 
swallowing condition was skipped if the 50 mL swallowing condition exhibited gross aspiration.  
FEES videos were segmented into individual video clips for each bolus trial. The beginning 
of each video clip began when a new bolus trial was presented to the participant. The end of each 
video clip ended immediately prior to the presentation of a new bolus trial. Video clips were stored 
digitally and blindly analyzed in the order in which the video clips were recorded.  
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Measures of swallowing safety and efficiency were obtained from each swallowing trial. 
The Penetration-Aspiration Scale (PAS) was used to assess the depth and reaction to penetration 
and aspiration (Rosenbek, Robbins, Roecker, Coyle, & Wood, 1996). PAS scoring was judged 
across the entirety of each videoclip for each swallowing trial. The Visual Analysis of Swallowing 
Efficiency and Safety (VASES) was used to quantify the presence and amount of post-swallow 
residue observed within the valleculae, piriforms, laryngeal vestibule, vocal folds, and subglottis. 
VASES is a standardized rating method which explicitly details anatomic (Figure 3) and temporal 
boundaries for rating residue, penetration, and aspiration. For VASES, residue ratings were 
measured perceptually using a 100-point visual analogue scale to indicate how filled the vallecular 
or piriform spaces were with residue, and how much of the laryngeal vestibule, vocal fold, or 
subglottic mucosa were covered with residue.  
Residue ratings were judged “after the swallow”, temporally defined as the period 
immediately following endoscopic whiteout up until: (1) five seconds of inactivity/rest; (2) post-
swallow vocalization of /i/ (intermittently performed if endoscopic visualization of the laryngeal 
vestibule was incomplete); or (3) post-swallow advancement of the laryngoscope into the laryngeal 
vestibule (intermittently performed if endoscopic visualization of the subglottic space was 
incomplete). In instances of piecemeal deglutition or multiple swallows, residue ratings were made 
after the final clearing swallowing if contained within the five seconds of inactivity/rest after 
endoscopic whiteout. In instances where pre-existing residue was present at the beginning of a 
video clip, only new bolus material was judged for residue ratings. To assist in discerning between 
pre-existing and new bolus material, bolus trials alternated between blue opaque, green opaque, 
and white coating boluses. Lastly, the Dynamic Imaging Grade of Swallowing Toxicity for FEES 






 Figure 3: Anatomic boundaries for the vallecula/oropharynx, piriforms/hypopharynx, epiglottis, 
laryngeal vestibule, vocal folds, and subglottis. 
 
a 5-point ordinal grading system indicating no impairment (0), mild impairment (1), moderate 
impairment (2), severe impairment (3), and life-threatening impairment (4) (Starmer et al., 2020). 
All FEES video clips were blindly analyzed, with raters blinded to all participant 
information. Each video clip was randomly assigned to two independent blinded raters. There were 
eight raters total. All raters previously completed a standardized VASES training protocol and 
demonstrated competency in all required analysis requirements. To assess reliability, percent 
agreement in PAS and residue ratings were measured for each video clip between the pairs of 
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raters. PAS ratings were considered to be in agreement if matching exactly. Residue ratings were 
considered to be in agreement if scores were within 10 points of each other, with the exception 
being if one rater indicated that residue was absent (0) while another rater indicated residue was 
present (>0). Any PAS and residue ratings that were not in agreement were then resolved by a 
third (expert) rater. 
 
Respiratory-Swallow Coordination 
RSC was examined using simultaneous respiratory inductive plethysmography 
(Respitrace System. Ambulatory Monitoring, Inc.), submental surface electromyography (Octal 
Bio Amps, ADInstruments), and nasal airflow monitoring (Exercise Physiology System, 
ADInstruments). All signals were input into a PowerLab data acquisition system (PL3516 
PowerLab 16/35, ADInstruments), digitized, and recorded at 2kHz. LabChart data analysis 
software (LabChart v8, ADInstruments) synchronized all signals and stored them for offline 
blinded analyses (Figure 4).  
Respiratory movements were recorded using respiratory inductive plethysmography. 
Elastic plethysmography bands were placed around the rib cage at the midsternal level and 
abdomen below the lowest rib. Respiratory calibration data were collected using a spirometer 
and facemask coupled to a respiratory flowhead and were used to ensure accurate sampling of 
lung volumes due to potential nonlinearity in the transducers in the calibration of the Respitrace 




Figure 4: Equipment setup (left) with the synchronized digital data (right). Abbreviations: 
Flexible Endoscopic Evaluation of Swallowing (FEES); surface electromyography (sEMG). 
 
second trials of deep breathing, and three slow vital capacity maneuvers. Because lung volume 
change reflects combined changes in the rib cage and abdomen, the sum of the two signals, 
corrected for their respective contributions to lung volume change, were computed. The unique 
contributions of the rib cage and abdomen to lung volume change were determined for each 
participant by analyzing the data from these respiratory calibration tasks using a custom built 
Matlab code (McKenna & Huber, 2019). These calibration factors were then applied to the 
plethysmography data for each participant. Upon completion of the respiratory calibration, the 
facemask was removed, and a nasal cannula was connected to the spirometry pod. 
RSC assessment was completed during the eleven swallowing conditions during the 
FEES. RSC was also assessed during a ‘natural cup sip’ swallowing condition, which included 
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ten trials of patient preferred volume of thin liquid via cup without a flexible endoscope in place 
transnasally. Three measures of RSC were obtained for each swallow: respiratory pause duration, 
respiratory phase patterning, and lung volume initiation.  
Respiratory pause duration was recorded during the first ingestion cycle of each trial 
(Dozier, Brodsky, Michel, Walters, & Martin-Harris, 2006). Respiratory pause duration was 
divided into three segments: pre-swallow pause, swallow apnea, and post-swallow pause. 
Plethysmography and nasal airflow monitoring were used to identify the onset and offset of the 
respiratory pause. Submental surface electromyography was used to identify the onset and offset 
of the pharyngeal swallowing phase. Pre-swallow pause was measured from the onset of 
respiratory pause, to the onset of the pharyngeal swallow. Swallow apnea was measured from the 
onset to the offset of the pharyngeal swallow. Post-swallow pause was measured from the offset 
of the pharyngeal swallow to the offset of the respiratory pause. The sum of these three segments 
was used to determine respiratory pause duration. 
Respiratory phase patterning was examined by identifying which phase of breathing, 
inhalation or exhalation, occurred immediately before pause onset and after pause offset. The 
frequency of pre-pause exhalations, post-pause exhalations, and each of the four respiratory 
phase patterns were calculated, including: exhale-swallow-exhale, inhale-swallow-exhale, 
exhale-swallow-inhale, and inhale-swallow-inhale.    
Lung volume initiation was recorded at the onset of the respiratory pause. Lung volume 
initiation was determined by summing the rib cage and abdominal plethysmography signals at 
the onset of the respiratory pause using the participant’s rib cage and abdominal calibration 
factors. Lung volume initiation was then expressed as a percentage of vital capacity (% VC) 





 Figure 5: Schematic of lung volume initiation (LVI) expressed as a percentage of vital capacity 
relative to end-expiratory level (EEL).  The respiratory pause on the center-left represents an 
exhale-swallow-exhale initiated 19% VC above EEL, while the respiratory pause on the center-
right represents an exhale-swallow-inhale initiated 4% VC below EEL. 
 
Statistical Analyses 
 Statistical analyses were conducted using IBM SPSS Statistics for Macintosh, Version 
26.0 (ICM Corp, Armonk, NY, USA). A familywise p < 0.05 was used to determine level of 
statistical significance. Frequencies, mean, minimum, maximum, standard deviation, and 
coefficient of variation were used to characterize patient demographics, respiratory function, 
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RSC, and swallowing and Cohen’s d (using a pooled standard deviation) was used as an effect 
size measure for each aim. Effect sizes were interpreted as ‘negligible’ if < 0.2, ‘small’ if ≥ 0.2 
but < 0.5, ‘medium’ if ≥ 0.5 but < 0.8, and ‘large’ if ≥ 0.8. 
 
Aim 1 Statistical Analysis: Characterizing RSC Across Swallowing Conditions in PD 
Differences in RSC were compared across five swallowing conditions including bolus 
volume, sequential swallowing, bolus consistency, bolus delivery methods, and the presence of a 
flexible laryngoscope in situ transnasally. Within each condition, the following a priori 
comparisons were made: 
1. Bolus Volume:  
• Patient preferred volume (PPV) thin liquid via cup vs. 15 mL thin liquid via cup 
• PPV thin liquid via cup vs. 5 mL thin liquid via cup 
• 15 mL thin liquid via cup vs. 5 mL thin liquid via cup 
2. Sequential Swallowing: 
• PPV thin liquid via cup (single swallow) vs. 50 mL thin liquid (sequential) 
• PPV thin liquid via cup (single swallow) vs. 90 mL thin liquid (sequential) 
• 50 mL thin liquid via cup (sequential) vs. 90 mL thin liquid via cup (sequential)  
3. Bolus Consistency:  
• 5 mL thin liquid via spoon vs. 5 mL pudding via spoon 
• 5 mL thin liquid via spoon vs. 5 mL mixed consistency via spoon 
• 5 mL pudding via spoon vs. 5 mL mixed consistency via spoon 




4. Delivery Methods:  
• 5 mL thin liquid via cup vs. 5 mL thin liquid via syringe 
• 5 mL thin liquid via cup vs. 5 mL thin liquid via spoon 
• 5 mL thin liquid via syringe vs. 5 mL thin liquid via spoon 
• PPV thin liquid via cup vs. PPV thin liquid via straw 
5. Flexible Laryngoscopy: 
• Natural cup sip swallows (PPV thin liquid via cup without a flexible laryngoscope 
in place transnasally) vs. PPV thin liquid via cup with a flexible laryngoscope 
 
All swallowing conditions were captured during FEES with the exception of the natural 
cup sip swallows. RSC outcome measures for this aim included the proportion of swallows 
exhibiting pre-pause exhalation, post-swallow exhalation, and exhale-swallow-exhale across 
each swallowing condition for each participant. LVI and respiratory pause duration were also 
averaged for each swallowing condition for each participant. Non-parametric repeated measure 
Friedman tests were used as omnibus tests to compare differences in RSC across swallowing 
conditions. Significant Friedman tests were followed up with post-hoc comparisons using Holm 
Bonferroni adjustments to correct for multiple comparisons within each swallowing condition. 
 
Aim 2 Statistical Analysis: Relationship Between RSC with Patient Factors in PD 
Patient-specific factors included demographic information (age, sex, BMI), neurologic 
and cognitive function (UPDRS, DRS-2), and respiratory function (breaths per minute, 
FEV1/FVC, perceived respiratory sensation, maximal expiratory pressure, maximal inspiratory 
pressure). RSC outcome measures included the proportion of natural cup sip swallows exhibiting 
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pre-pause exhalation, post-swallow exhalation, and exhale-swallow-exhale for each participant, 
and LVI and respiratory pause duration averaged across the natural cup sip swallows for each 
participant. Pearson r correlations were used to assess the presence of significant relationships 
between patient-specific factors with each RSC outcome measure. 
 
Aim 3 Statistical Analysis: Relationship Between RSC with Swallowing Safety and Efficiency  
RSC outcome measures were treated as independent variables and included the four 
respiratory phase patterning groups (exhale-swallow-exhale, inhale-swallow-exhale, exhale-
swallow-inhale, inhale-swallow-inhale), LVI, and respiratory pause duration. Swallowing 
efficiency and safety measures were treated as dependent variables. 
Swallowing efficiency was measured perceptually using a 100-point visual analogue 
scale to rate the amount of residue filling the valleculae and piriform spaces. Regressions were 
used to examine the influence of LVI and respiratory pause duration on vallecular and piriform 
residue, while Kruskal-Wallis H tests were used to compare differences in residue rating scores 
across the four respiratory phase patterning groups. To prevent a ceiling effect, swallows 
containing none to trace amounts of residue were not included in this analysis. Only vallecular or 
piriform residue scores >10 were included since scores ≤10 are considered to be within the range 
of a “trace” amount of residue (Pisegna, Kaneoka, Coster, Leonard, & Langmore, 2020).  
Swallowing safety was measured using the PAS. The PAS scores were dichotomized into 
no penetration-aspiration (PAS ≤2) or penetration-aspiration (PAS >2). While a PAS score of 2 
does represent transient penetration into the laryngeal vestibule but above the level of the vocal 
folds, this is considered to be a normal variant, and was therefore included in the no penetration-
aspiration (‘safe swallow’) grouping. Binomial logistic regressions were used to examine the 
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influence of LVI and respiratory pause on the presence of penetration-aspiration, whereas a Chi 
Square Test of Homogeneity was used to compare differences in the proportion of swallows 
exhibiting penetration-aspiration across each of the four respiratory phase patterning groups. 
 
RESULTS 
Twenty-four participants (17 males, 7 females) were enrolled, yielding an analysis of 729 
completed swallows. Most participations were early to mid-stage PD, including 12.5% HYS 1, 
50% HYS 2, and 12.5% HYS 3, with 25% of the participants considered to be in the advanced 
stage of PD, as determined by a HYS 4 (Table 1). Individual-level descriptive statistics of 
respiratory phase patterning, lung volume initiation, and respiratory pause duration for each 
participant are outlined in the appendix. 
 
Table 1: Descriptive Statistics of Participant Demographic Information, RSC, and Swallowing 
 N Min. Max. Mean SD 
Demographic Information 
Age (years) 24 49 88 69.5 9.9 
Height (inches) 24 62.0 73.0 66.7 3.2 
Weight (pounds) 24 90 210 145.4 32.7 
Body Mass Index 24 14.5 32.6 22.7 4.1 
Neurologic and Cognitive Function 
UPDRS 23 16 63 35.8 14.4 
HYS 24 1 4 2 1.022 




Vital Capacity (L) 24 .38 4.99 2.77 .88 
Forced Vital Capacity (L) 22 1.80 5.36 2.92 .95 
FEV1/FVC (%) 22 24.7 80.3 51.5 17.6 
Tidal Volume (L) 24 .161 1.110 .575 .222 
Location of EEL relative to ERL (% VC) 24 16.3 68.3 42.9 11.8 
Location of EIL relative to ERL (% VC) 24 14.7 85.7 60.9 15.5 
Tidal Volume (% VC) 24 7.1 40.1 20.4 8.7 
MEP (cmH2O) 22 31 206 98.9 41.6 
MIP (cmH2O) 22 13 101 55.5 21.8 
Perceived Respiratory Sensation 
Magnitude Estimation Slope 
21 -.003 .333 .176 .113 
Abbreviations: Unified Parkinson’s Disease Rating Scale (UPDRS); Hoehn and Yahr Stage 
(HYS); Total score from the Dementia Rating Scale, 2nd edition (DRS-2); liters of air (L); 
percent vital capacity (% VC) 
 
Aim 1: Characterizing RSC Across Swallowing Conditions in PD 
Descriptive statistics of RSC outcome measures and results from the significance testing 
are outlined in Tables 2 and 3. On average, participants demonstrated pre-pause exhalation on 
47.9% of swallows, post-pause exhalation on 71.8% of swallows, the exhale-swallow-exhale 
pattern on 30.2% of swallows, an LVI of 11.5% VC, and a respiratory pause duration of 3.5 
seconds. Additionally, the participants demonstrated a high degree of variability across RSC 
outcome measures, including proportion of swallows exhibiting the exhale-swallow-exhale 
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pattern (CoV = 128.5%), average lung volume initiation (CoV = 48.6%), and average respiratory 
pause duration (CoV = 37.7%). 
 
Table 2: Descriptive Statistics of RSC Outcome Measures By Swallowing Condition 
 N Min Max Mean SD CoV (%) 
Average Across All Swallowing Conditions 
Pre-Pause Exhalation (%) 24 9.0 84.8 47.9 23.9 49.8 
Post-Pause Exhalation (%) 24 31.0 96.9 71.8 19.0 26.4 
Exhale-Swallow-Exhale (%) 24 6.0 69.7 30.2 40.4 
 128.5 
Lung Volume Initiation (% VC) 24 0.0 23.1 11.5 5.6 48.6 
Respiratory Pause Duration (s) 24 1.49 7.39 3.55 1.34 37.7 
 
Natural Cup Sip Swallowing  
(PPV Thin Liquid via Cup with No Flexible Laryngoscope)  
Pre-Pause Exhalation (%) 24 0.0 100 41.6 33.9 81.4 
Post-Pause Exhalation (%) 24 10.0 100 74.5 29.6 39.7 
Exhale-Swallow-Exhale (%) 24 0.0 100 27.0 32.0 118.5 
Lung Volume Initiation (% VC) 24 -6.0 24.0 11.1 7.1 63.9 
Respiratory Pause Duration (s) 24 0.25 4.83 2.49 1.06 42.5 
 
5 mL Thin Liquid via Syringe 
Pre-Pause Exhalation (%) 24 0.0 100 56.5 38.7 68.4 
Post-Pause Exhalation (%) 24 0.0 100 66.3 32.6 49.1 
Exhale-Swallow-Exhale (%) 24 0.0 100 35.8 35.1 98.0 
Lung Volume Initiation (% VC) 24 -1.0 29.0 9.3 7.37 79.2 
Respiratory Pause Duration (s) 24 0.89 10.28 3.64 2.54 69.7 
 
5 mL Thin Liquid via Cup 
Pre-Pause Exhalation (%) 22 0.0 100 57.3 40.0 69.8 
Post-Pause Exhalation (%) 22 0.0 100 75.5 31.3 41.4 
Exhale-Swallow-Exhale (%) 22 0.0 100 42.2 42.6 100.9 
Lung Volume Initiation (% VC) 22 0.0 30.0 12.4 8.34 67.2 
Respiratory Pause Duration (s) 22 0.88 9.85 3.18 2.41 75.7 
 
15 mL Thin Liquid via Cup 
Pre-Pause Exhalation (%) 23 0.0 100 33.1 37.1 112.0 
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Post-Pause Exhalation (%) 23 0.0 100 72.2 34.3 47.5 
Exhale-Swallow-Exhale (%) 23 0.0 100 22.3 31.4 140.8 
Lung Volume Initiation (% VC) 23 3.0 36.0 15.2 8.0 52.6 
Respiratory Pause Duration (s) 23 0.99 12.35 4.33 2.64 60.9 
 
PPV Thin Liquid via Cup 
Pre-Pause Exhalation (%) 24 0.0 100 35.2 39.9 113.3 
Post-Pause Exhalation (%) 24 0.0 100 75.5 35.1 46.4 
Exhale-Swallow-Exhale (%) 24 0.0 100 18.6 28.2 151.6 
Lung Volume Initiation (% VC) 24 -9.0 34.0 14.4 8.9 61.8 
Respiratory Pause Duration (s) 24 0.66 9.99 4.23 2.66 62.8 
 
PPV Mildly Thick Liquid via Cup 
Pre-Pause Exhalation (%) 24 0.0 100 54.7 41.2 75.3 
Post-Pause Exhalation (%) 24 0.0 100 74.2 38.7 52.1 
Exhale-Swallow-Exhale (%) 24 0.0 100 38.7 39.7 102.5 
Lung Volume Initiation (% VC) 24 -6.0 32.0 11.5 10.7 93.0 
Respiratory Pause Duration (s) 24 0.76 15.63 4.43 3.68 83.0 
 
5 mL Semisolid via Spoon 
Pre-Pause Exhalation (%) 23 0.0 100 61.9 35.4 57.1 
Post-Pause Exhalation (%) 23 0.0 100 64.9 35.5 54.6 
Exhale-Swallow-Exhale (%) 23 0.0 100 40.4 41.3 102.2 
Lung Volume Initiation (% VC) 23 -6.0 22.0 8.5 6.9 81.1 
Respiratory Pause Duration (s) 23 0.62 7.48 2.77 1.85 66.7 
 
5 mL Mixed Consistency via Spoon 
Pre-Pause Exhalation (%) 21 0.0 100 80.9 40.2 49.6 
Post-Pause Exhalation (%) 21 0.0 100 38.1 49.7 130.4 
Exhale-Swallow-Exhale (%) 21 0.0 100 28.5 46.2 162.1 
Lung Volume Initiation (% VC) 21 -2.0 18.0 7.3 5.9 80.8 
Respiratory Pause Duration (s) 21 0.42 10.62 3.25 2.87 88.3 
 
5 mL Thin Liquid via Spoon 
Pre-Pause Exhalation (%) 22 0.0 100 50.0 51.1 102.2 
Post-Pause Exhalation (%) 22 0.0 100 86.3 35.1 40.6 
Exhale-Swallow-Exhale (%) 22 0.0 100 36.3 49.2 135.5 
Lung Volume Initiation (% VC) 22 1.0 40.0 15.3 9.6 62.7 





PPV Thin Liquid via Straw 
Pre-Pause Exhalation (%) 22 0.0 100 50.0 51.1 102.2 
Post-Pause Exhalation (%) 22 0.0 100 72.7 45.5 62.5 
Exhale-Swallow-Exhale (%) 22 0.0 100 27.2 45.5 167.2 
Lung Volume Initiation (% VC) 22 -.07 24.0 8.2 8.0 97.5 
Respiratory Pause Duration (s) 22 1.05 7.80 3.60 1.91 53.0 
 
50 mL Thin Liquid via Cup 
Pre-Pause Exhalation (%) 18 0.0 100 50.0 51.4 102.8 
Post-Pause Exhalation (%) 18 0.0 100 77.7 42.7 54.9 
Exhale-Swallow-Exhale (%) 18 0.0 100 38.8 50.1 129.1 
Lung Volume Initiation (% VC) 18 4.0 33.0 17.5 9.2 52.5 
Respiratory Pause Duration (s) 18 2.30 15.50 8.28 3.91 47.2 
 
90 mL Thin Liquid via Cup 
Pre-Pause Exhalation (%) 19 0.0 100 21.0 41.8 199.0 
Post-Pause Exhalation (%) 19 0.0 100 73.6 45.2 61.4 
Exhale-Swallow-Exhale (%) 19 0.0 100 21.0 41.8 199.0 
Lung Volume Initiation (% VC) 19 1.0 36.0 15.0 10.2 68.0 
Respiratory Pause Duration (s) 18 1.30 23.70 9.09 5.67 62.3 
Abbreviations: minimum (min); maximum (max); standard deviation (SD); coefficient of 












Table 3: Statistical Comparisons of RSC Outcome Measures Between Swallow Conditions 
 
Bolus Volume (N = 22) 
Pre-Pause Exhalation  χ2(2) = 10.203, p = .006* 
          PPV Thin vs. 15 mL Thin p = .880 d = .05 
          PPV Thin vs. 5 mL Thin p = .019 d = .53 
          15 mL Thin vs. 5 mL Thin p = .029 d = .60 
Post-Pause Exhalation χ2(2) = .304, p = .859 
Exhale-Swallow-Exhale χ2(2) = 6.840, p = .033* 
          PPV Thin vs. 15 mL Thin p = .821 d = .12 
          PPV Thin vs. 5 mL Thin p = .070 d = .63 
          15 mL Thin vs. 5 mL Thin p = .113 d = .52 
Lung Volume Initiation χ2(2) = 3.100, p = .212 
Respiratory Pause Duration χ2(2) = 2.545, p = .280 
 
Sequential Swallowing (N = 18) 
Pre-Pause Exhalation χ2(2) = 2.977, p = .226 
Post-Pause Exhalation χ2(2) = .765, p = .682 
Exhale-Swallow-Exhale χ2(2) = .955, p = .620 
Lung Volume Initiation χ2(2) = .567, p = .753 
Respiratory Pause Duration χ2(2) = 13.059, p = .001* 
          PPV Thin vs. 50 mL Thin p = .040 d = 1.06 
          PPV Thin vs. 90 mL Thin p < .0005* d = 1.00 
          50 mL Thin vs. 90 mL Thin p = .123 d = .16 
 
Bolus Consistency (N = 21) 
Pre-Pause Exhalation χ2(4) = 18.070, p = .001* 
          5 mL Thin vs. 5 mL Pudding p = .380 d = .27 
          5 mL Thin vs. 5 mL Mixed p = .028 d = .64 
          5 mL Pudding vs. 5 mL Mixed p = .188 d = .49 
          PPV Thin vs. PPV Mildly Thick p = .064 d = .46 
Post-Pause Exhalation χ2(4) = 16.927, p = .002* 
          5 mL Thin vs. 5 mL Pudding p = .025 d = .58 
          5 mL Thin vs. 5 mL Mixed p = .002* d = .98 
          5 mL Pudding vs. 5 mL Mixed p = .354 d = .60 
          PPV Thin vs. PPV Mildly Thick p = .733 d = .03 
Exhale-Swallow-Exhale χ2(4) = 3.385, p = .496 
Lung Volume Initiation χ2(4) = 20.485, p < .0005* 
          5 mL Thin vs. 5 mL Pudding p = .051 d = .75 
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          5 mL Thin vs. 5 mL Mixed p = .001* d = .89 
          5 mL Pudding vs. 5 mL Mixed p = .205 d = .18 
          PPV Thin vs. PPV Mildly Thick p = .040 d = .28 
Respiratory Pause Duration χ2(4) = 24.200, p < .0005* 
          5 mL Thin vs. 5 mL Pudding p = .368 d = .52 
          5 mL Thin vs. 5 mL Mixed p = .110 d = .58 
          5 mL Pudding vs. 5 mL Mixed p = .484 d = .19 
          PPV Thin vs. PPV Mildly Thick p = .271 d = .06 
 
Bolus Delivery Method (N = 22) 
Pre-Pause Exhalation χ2(4) = 7.561, p = .109 
Post-Pause Exhalation χ2(4) = 4.929, p = .295 
Exhale-Swallow-Exhale χ2(4) = 6.248, p = .181 
Lung Volume Initiation χ2(4) = 18.615, p = .001* 
          5 mL Cup vs. 5 mL Syringe p = .116 d = .39 
          5 mL Cup vs. 5 mL Spoon p = .153 d = .32 
          5 mL Syringe vs. 5 mL Spoon p = .003* d = .67 
          PPV Cup vs. PPV Straw p = .004* d = .68 
Respiratory Pause Duration χ2(4) = 19.943, p = .001* 
          5 mL Cup vs. 5 mL Syringe p = .262 d = .18 
          5 mL Cup vs. 5 mL Spoon p = .019 d = .62 
          5 mL Syringe vs. 5 mL Spoon p = .001* d = .78 
          PPV Cup vs. PPV Straw p = .807 d = .26 
  
Flexible Laryngoscopy (N = 24) 
Pre-Pause Exhalation χ2(1) = 1.471, p = .225 
Post-Pause Exhalation χ2(1) = .474, p = .491 
Exhale-Swallow-Exhale χ2(1) = 1.00, p = .317 
Lung Volume Initiation χ2(1) = 5.261, p = .022*, d = .39 
Respiratory Pause Duration χ2(1) = 2.667, p = .102 
Note: “*” indicates statistically significant findings  
 
 
Repeated measure Friedman tests revealed significant differences in the frequency of pre-
pause exhalation as an effect of bolus volume (p = .006) and consistency (p = .001). For bolus 
volume, the frequency of pre-pause exhalations was lower for 15 mL and PPV thin liquid 
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boluses compared to 5 mL thin liquid boluses, which represented a medium sized effect. For 
bolus consistency, the frequency of pre-pause exhalations was lower for thin liquid compared to 
mixed consistencies which also represented a medium sized effect. The frequency of post-pause 
exhalation also changed as an effect of bolus consistency (p = .002). Specifically, post-pause 
exhalations were less frequent for pudding consistency compared to thin liquid consistency (p = 
.025) and for mixed consistencies compared to thin liquid consistency (p = .002), demonstrating 
medium and large effects on post-pause exhalation. Ultimately, the frequency of the exhale-
swallow-exhale pattern changed only as an effect of bolus volume (p = .033). Exhale-swallow-
exhales tended to occur more frequently for smaller boluses than for larger boluses, though no 
post-hoc comparisons achieved statistical significance. 
LVI differed as an effect of bolus consistency (p < .0005), bolus delivery method (p = 
.001), and the presence of a flexible laryngoscope (p = .022). LVI was approximately 7% VC 
higher for thin liquids compared to mixed consistencies (p = .001), 7% VC higher for boluses 
delivered via cup or spoon compared to straw or syringe, and ~3% VC higher when drinking 
with a laryngoscope in place transnasally compared to natural cup sip drinking. Notably, the 
sizes of the effect of bolus consistency and delivery method on LVI ranged from medium to 
large, while the size of the effect of laryngoscopy on LVI was found to be small.  
Lastly, respiratory pause duration differed across sequential swallowing tasks (p = .001) 
and bolus delivery methods (p = .001). Respiratory pauses were longer for 90 mL sequential 
swallowing compared to PPV single swallowing and were longer when swallowing liquids that 
were administered via syringe compared to spoon. These represented medium size changes to 




Aim 2: Relationship Between RSC and Patient Factors in PD 
Pearson r correlations revealed a moderately strong relationship between respiratory pause 
duration and maximal inspiratory pressure (r = .494, p = .019; Figure 6). Specifically, greater 
maximal inspiratory strength was associated with longer respiratory pause durations. No other 
significant correlations were observed between measures of RSC and patient-specific factors.  
 
Figure 6: Correlation between maximal inspiratory pressure and respiratory pause duration. 
 
Aim 3: Relationship Between RSC with Swallowing Safety and Efficiency in PD 
Linear regression analysis revealed that vallecular residue was significantly influenced by 
LVI, F(1, 136) = 4.606, p = .034, Adj. R2 = .033. As LVI increased, vallecular residue decreased 
(Figure 7). Due to skewness of the data, logarithmic regression modeling was used for respiratory 
pause duration. This revealed a significant effect of respiratory pause duration on vallecular 
residue, F(1, 146) = 23.353, p < .0005, Adj. R2 = .139 (Figure 8). As the duration of the respiratory 
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pause increased, the amount of vallecular residue decreased. Kruskal-Wallis H testing did not 
reveal any differences in vallecular residue ratings across the respiratory phase patterning groups 
χ2(3) = .099, p = .992. 
 





Figure 8: Logarithmic regression of respiratory pause duration on vallecular residue. 
 
Linear regression analysis also revealed that piriform residue was significantly influenced 
by LVI, F(1, 68) = 6.950, p = .010, Adj. R2 = .305. As LVI increased, piriform residue decreased 
(Figure 9). Again, logarithmic regression modeling was used for respiratory pause duration due to 
skewness of the data. This revealed a significant effect of respiratory pause duration on piriform 
residue, F(1, 77) = 4.168, p = .045, Adj. R2 = .051 (Figure 10). As the duration of the respiratory 
pause increased, the amount of piriform residue decreased. As with the vallecular residue, the 
Kruskal-Wallis H test did not reveal any significant differences in piriform residue ratings across 





Figure 9: Linear regression of lung volume initiation on piriform residue. 
 
 
Figure 10: Logarithmic regression of respiratory pause duration on piriform residue. 
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Binomial logistic regressions revealed penetration-aspiration was significantly influenced 
by respiratory pause duration, χ2(1) = 11.804, p = .001, but not by lung volume initiation χ2(1) = 
.382, p = .536. The likelihood of penetration-aspiration increased with an increase in respiratory 
pause duration. Additionally, the Chi Square Test of Homogeneity revealed a significant difference 
in the proportion of swallows exhibiting penetration-aspiration across the four respiratory phase 
patterns (p = .040). Post hoc analyses were used to examine where the significant differences were 
located. These analyses involved pairwise comparisons using the z-test of two proportions. The 
proportion of safe swallows with no penetration-aspiration was significantly greater for the exhale-
swallow-exhale pattern when compared to the other three respiratory phase patterns (p < .05). No 
other significant differences were present between the three patterning groups (p > .05; Figure 11). 
Lastly, an odds ratio was calculated as a measure of effect size by comparing the odds of 
penetration-aspiration between nonexhale-swallow-exhale to exhale-swallow-exhale patterns. 
Results revealed that the odds of penetrating-aspirating for nonexhale-swallow-exhales is 1.897 





Figure 11: Proportion of swallows across each respiratory phase patterning group with no 
penetration-aspiration. Note: “*” denotes a significant difference (p < .05) between groups. 
 
DISCUSSION 
Respiratory-swallow coordination is important for safe and efficient swallowing but is 
often impaired in people with dysphagia and neurological diseases. The present investigation 
comprehensively evaluated the mechanisms underlying RSC in PD and the influence of RSC on 
swallowing safety and efficiency. Findings from this study revealed that respiratory pause 
duration, respiratory phase patterning, and lung volume initiation are altered and are highly 
variable in PD, and that these changes in RSC are associated with severity of vallecular and 




Respiratory Pause Duration 
The people with PD in this study exhibited an average respiratory pause of 3.5 seconds. 
This duration is approximately 2-3 times longer than pauses typically reported for healthy adults 
(Ayuse et al., 2006; Butler, Stuart, Pressman, Poage, & Roche, 2007; Hårdemark Cedborg et al., 
2010, 2009; Huff et al., 2018; Klahn & Perlman, 1999; Krishnan & Goswami, 2019; Martin-
Harris, Brodsky, Price, Michel, & Walters, 2003; Martin, Logemann, Shaker, & Dodds, 1994; 
Preiksaitis et al., 1992; Shaker et al., 1992; Valenzano, Guida, Peladeau-Pigeon, & Steele, 2020; 
C. M. Wang, Shieh, Chen, & Wu, 2015; Chin Man Wang et al., 2015, 2017; Yagi, Nagami, et 
al., 2017). This finding of a longer respiratory pause for people with PD compared to healthy 
adults supports earlier work by Pinnington and colleagues who also found longer pauses in 
people with PD compared to healthy controls (Pinnington et al., 2000).  
We originally hypothesized that a longer respiratory pause may reflect an adaptive 
strategy to attempt to enhance airway protection during swallowing, and therefore that a shorter 
respiratory pause would be associated with worse swallowing safety outcomes. This hypothesis 
was supported in part by research that as demonstrated that healthy adults have longer respiratory 
pauses when initiating swallows during inhalation, potentially compensating for an increased risk 
of aspiration associated with swallowing during inhalation (Gross et al., 2008; Gross, Atwood, 
Ross, Olszewski, & Eichhorn, 2009; Preiksaitis et al., 1992; M. S. Troche et al., 2011; Yagi, 
Oku, et al., 2017). Post-hoc analyses of data in the present investigation support these 
observations. Specifically, participants had an average pause duration of 1.87 seconds during 
exhale-swallow-exhale pattern, 3.49 seconds during the inhale-swallow-exhale pattern, 4.63 
seconds during the exhale-swallow-inhale pattern, and 5.92 during the inhale-swallow-inhale 
pattern. These findings suggest that respiratory pause duration may increase in PD, but that this 
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may likely occur as a function of respiratory phase patterning. Interestingly, these findings are in 
contrast to research by Gross and colleagues, who found that respiratory pause duration did not 
change as a function of respiratory phase patterning in people with PD (Gross et al., 2008). The 
reason for the discrepancy in these findings is not clear but may relate in large part to Gross’s use 
of pudding and solid consistencies only, compared to our use of a large variety of bolus sizes, 
consistencies, and delivery methods. 
Our original hypothesis proposed that a shorter respiratory pause would be associated 
with worse swallowing function. This hypothesis was based on research by Nilsson and 
colleagues who reported respiratory pauses to be shorter in patients who penetrated and aspirated 
compared to patients who did not (Nilsson, Ekberg, Bülow, & Hindfelt, 1997). Findings from the 
current study partially supported this hypothesis. Specifically, shorter respiratory pauses were 
associated with worse swallowing efficiency (greater amounts of vallecular and piriform 
residue). However, contrary to our original hypothesis, shorter respiratory pauses were 
associated with better (rather than worse) swallowing safety (i.e., less frequent penetration and 
aspiration). On average, swallows with no penetration-aspiration had a respiratory pause duration 
of 3.3 seconds while swallows exhibiting penetration-aspiration had a respiratory pause duration 
of 4.0 seconds. This finding supports previous research which demonstrates longer respiratory 
pauses to be associated with penetration-aspiration in people with cerebral vascular accidents 
(Butler et al., 2007), amyotrophic lateral sclerosis (Erdem et al., 2016), and PD (M. S. Troche et 
al., 2011). Given that shorter respiratory pauses were associated with worse swallowing 
efficiency but greater swallowing safety, it is possible that there may be a respiratory pause 
duration ‘sweet spot’ (i.e., a duration that is neither too long nor too short). However, it is also 
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possible that the relationship between respiratory pause duration and swallowing function is 
correlational rather than causal and that no such ‘sweet spot’ exists.  
Mechanisms underlying these changes to respiratory pause duration were explored in 
detail and found to change as a function of respiratory strength and swallowing conditions. 
Greater maximal inspiratory strength was associated with a greater respiratory pause duration. 
The reason for this moderately strong relationship is unclear and requires further investigation. 
However, it is possible that increased inspiratory strength allows for a greater potential to 
maintain an expanded rib cage posture when initiating swallows at lung volumes above end-
expiratory level (i.e., when the breathing apparatus is opposing passive expiratory forces).  
Respiratory pause duration was also found to increase when switching from a single 
swallow task to a sequential swallowing task. Participants were instructed to attempt to swallow 
the 50- and 90-mL tasks all on one breath as best as able. As a result, most patients attempted 
complete the sequential swallowing task on a single breath, even if multiple breaths were 
ultimately used. Therefore, the longer respiratory pauses needed to complete 50-90 mL of 
swallowing compared to 5-20 mL swallowing is intuitive. Thin liquid boluses delivered via 
syringe also exhibited a longer respiratory pause when compared to thin liquid boluses delivered 
via spoon. Often, participants were observed to begin a voluntary (uncued) breath hold as the 
clinician began to place the tip of the syringe into the participants’ mouth. This breath holding 
was frequently maintained as the bolus was dispensed and until the swallow was initiated. 
However, during spoon feeding, participants were observed to breath naturally while bringing 





Respiratory Phase Patterning 
The exhale-swallow-exhale is considered to be the most optimal pattern for safe and 
efficient swallowing. This assumption is based on research which demonstrates that the exhale-
swallow-exhale accounts for 80-100% of liquid swallows in healthy adults. While some 
variability exists as an effect of age and swallowing conditions, it remains the predominant 
pattern in healthy adults across the vast majority of research studies (Hopkins-Rossabi et al., 
2019). The present investigation identified that participants with PD exhibited this optimal 
exhale-swallow-exhale for only ~30% of swallows, with most participants demonstrating a 
preference for the inhale-swallow-exhale pattern.   
Exhalations before, after, and surrounding the respiratory pause were found to change as 
an effect of bolus volume and consistency in this group of participants. Increasing bolus volumes 
from small (5 mL) to more normal size (15 mL and PPV) resulted in a significant decrease in 
exhalations before the swallow. Additionally, changing boluses from thin liquid to mixed (thin + 
soft solid) consistencies or from thin liquid to pudding consistencies decreased the frequency of 
exhalations after the swallow. These findings are similar to trends reported in healthy adults 
(Butler et al., 2007; Gross et al., 2008, 2009; Hopkins-Rossabi et al., 2019; Leslie, Drinnan, 
Ford, & Wilson, 2002; Perlman, Ettema, & Barkmeier, 2000; Preiksaitis & Mills, 1996; Shaker 
et al., 1992; Valenzano et al., 2020). These data suggest that swallowing small sips of thin 
liquids may increase the likelihood of eliciting exhale-swallow-exhales in PD. 
Exhaling has been found to promote a higher pressure gradient between the pharynx and 
esophagus (Irvin et al., 1984; Kawasaki et al., 1964). Because of this pharyngoesophageal 
pressure gradient, exhaling before and after swallowing has been hypothesized to enhance 
swallowing efficiency and reduce the presence of vallecular and piriform residue (Gross, 2014). 
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However, this study failed to find such a relationship. No differences in the amount of vallecular 
and piriform residue were found across the four respiratory phase patterns.  
More often, the exhale-swallow-exhale is cited as an important physiologic behavior for 
airway protection. The exhale-swallow-exhale pattern is thought to enhance swallowing safety 
by: (1) facilitating earlier and more complete airway closure (Ikari & Sasaki, 1980; Martin et al., 
1994) – two kinematic events that significantly influence penetration-aspiration in PD (Curtis, 
Molfenter, et al., 2020b); and (2) more readily ejecting penetrant and aspirate material from the 
airway through passive expiratory airflow and active cough behaviors (Martin-Harris et al., 
2003; Martin et al., 1994; Nishino, Yonezawa, & Honda, 1985). Results from this study support 
these claims. Penetration-aspiration was significantly influenced by respiratory phase patterning, 
lower proportion of penetration-aspiration events occurring proportionately during exhale-
swallow-exhales compared to swallows with inhalations before and/or after the respiratory 
pause.  
Taken together, these findings suggest that while the exhale-swallow-exhale pattern may 
be less involved in bolus clearance/swallowing efficiency, it is a critical component for 
swallowing-related airway protection. Clinicians observing penetration and aspiration during 
endoscopic or fluoroscopic examinations in people with PD should consider the role that 
suboptimal respiratory phase patterning may be playing. Additionally, training the optimal 
exhale-swallow-exhale in people with PD may have the potential to improve swallowing safety, 






Lung Volume Initiation 
Only two studies have been published examining LVI in PD. Both studies found that 
swallowing was initiated within the mid-to-low tidal breathing range, and that these ranges tend 
to be lower for people with PD compared to healthy adults (Curtis & Troche, 2020; Gross et al., 
2008). Results from the present investigation support those previous findings. On average, this 
cohort of people with PD initiated swallows at ~11% VC above the end-expiratory level of tidal 
breathing. Given that the tidal volume of this cohort was ~20% VC, the average LVI in this 
group is estimated to have occurred at approximately mid-tidal volume. 
Research in healthy adults has demonstrated that LVI is higher when drinking via cups 
compared to straws or syringes (D. H. McFarland et al., 2016; K. Wheeler Hegland, Huber, Pitts, 
Davenport, & Sapienza, 2011) and when swallowing liquids compared to puddings (D. H. 
McFarland et al., 2016; K. M. Wheeler Hegland, Huber, Pitts, & Sapienza, 2009). No differences 
in LVI have been observed in healthy adults across single bolus volumes (5 mL, 15 mL, PPV) 
(D. H. McFarland et al., 2016) nor between single and sequential swallow tasks (Lederle, Hoit, 
& Barkmeier-Kraemer, 2012). As with healthy adults, results from this study revealed LVI to be 
higher for cups compared to straws or syringes, and for liquids compared to puddings and mixed 
consistencies, with no changes in LVI across single or sequential bolus volumes. Notably, while 
flexible laryngoscopy did not influence respiratory phase patterning or respiratory pause 
duration, there was a small but significant increase in LVI of ~3% VC. It is unknown if this 
magnitude of change is clinically meaningful. However, this change in LVI as a function of 
flexible laryngoscopy is worth considering when performing FEES in patients with PD.  
LVI is thought to influence physiologic variables important for swallowing safety and 
efficiency, including laryngeal elevation (Andrew, 1955; Iwarsson & Sundberg, 1998; Iwarsson, 
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Thomasson’, & Sundberg’, 1996; Macklin, 1925; Milstein, 1999; Mitchinson & Yoffey, 1947; 
Pabst & Sundberg, 1993; Stănescu, Clement, Pattijn, & Van De Woestijne, 1972), vocal fold 
closure (Iwarsson et al., 1996; Iwarsson, Thomasson, & Sundberg, 1998; Yeo, Lee, McCabe, & 
Madill, 2018), esophageal sphincter opening (R. K. Mittal, Rochester, & McCallum, 1987; 
Ravinder K Mittal & Fisher, 1990; Ravinder K Mittal et al., 1990; Ravinder K Mittal, Rochester, 
& Mccallum, 1988), velopharyngeal closure (Kogo et al., 2003; Koizumi, Kogo, & Matsuya, 
1996), and deglutitive subglottal pressure (Dettelbach, Gross, Mahlmann, & Eibling, 1995; 
Elpern, Okonek, Bacon, Gerstung, & Skrzynski, 2000; Gross, Mahlmann, & Grayhack., 2003; 
Logemann, Pauloski, & Colangelo, 1998; Stachler, Hamlet, Choi, & Fleming, 1996). While no 
effect of LVI was found on penetration-aspiration, higher LVI was associated with less 
vallecular and piriform residue. When swallows were initiated at or above the end-inspiratory 
level of tidal breathing (~20% VC), moderate to severe residue rating scores of ≥40 were absent. 
Notably, the amount of variance in pharyngeal residue explained by LVI was small (~3%). This 
small effect of LVI on vallecular and piriform residue could have been a function of the limited 
distribution in residue ratings scores – with most residue ratings being trace-mild. Despite this, 
these results suggest initiating swallows at higher lung volumes, potentially at or near the top of 
tidal volume, may be an effective strategy to improve bolus clearance and reduce the presence of 
vallecular and piriform residue. 
 
CONCLUSIONS 
This study comprehensively examined RSC, swallowing safety, and swallowing 
efficiency in people with PD. Results revealed that people with PD typically produce longer 
respiratory pauses, less frequent exhalations before and after swallowing, and initiate swallows at 
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lower lung volumes when compared to healthy normative data. Importantly, these changes in 
suboptimal RSC significantly influenced the presence of pharyngeal residue and penetration-
aspiration. Swallowing with an exhale-swallow-exhale pattern at higher lung volume was found 
to be most optimal for safe and efficient swallowing in these people with PD. Future research is 
needed to determine if RSC training is feasible in PD and can be used to rehabilitate dysphagia 
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1 12.1 75.8 0.0 12.1 56.7 
2 56.3 18.8 18.8 0.0 61.6 
3 9.4 65.6 6.3 18.8 79.9 
4 14.3 19.0 38.1 28.6 96.6 
5 7.1 57.1 17.9 7.1 71.3 
6 39.4 48.5 6.1 6.1 81.6 
7 69.7 15.2 15.2 0.0 61.3 
8 39.4 15.2 21.2 24.2 97.0 
9 21.2 12.1 45.5 9.1 78.4 
10 15.2 75.8 3.0 6.1 68.0 
12 15.2 36.4 30.3 18.2 96.9 
13 60.6 27.3 9.1 3.0 77.6 
14 9.1 66.7 15.2 3.0 68.1 
15 6.1 72.7 3.0 18.2 69.9 
16 51.5 12.1 15.2 18.2 88.2 
17 27.3 24.2 33.3 15.2 98.1 
18 27.3 51.5 18.2 3.0 84.0 
19 57.6 33.3 0.0 0.0 33.6 
20 57.6 30.3 9.1 3.0 78.5 
21 27.3 69.7 3.0 0.0 53.1 
23 18.2 60.6 15.2 6.1 84.0 
24 47.1 29.4 17.6 0.0 64.8 
25 13.3 70.0 6.7 6.7 71.8 
26 22.2 18.5 44.4 14.8 95.3 









Appendix Table 2: Descriptive Statistics of Lung Volume Initiation by Participant 
ID Min 25th Median 75th Max Mean SD CoV 
1 3.2 31.5 38.1 48.6 71.5 39.7 14.8 37.2 
2 -3.4 1.1 6.1 7.0 9.7 4.6 3.7 80.4 
3 -3.5 3.8 8.9 12.1 27.4 8.5 6.5 76.5 
4 5.5 6.7 11.6 17.2 36.5 13.6 8.7 64.1 
5 -11.4 0.3 15.7 22.6 45.0 13.0 14.1 108.8 
6 1.7 7.7 11.2 14.1 25.1 11.3 5.3 47.4 
7 -2.2 7.5 11.8 19.4 30.6 13.0 8.3 63.9 
8 -5.3 0.8 4.5 10.3 29.9 5.8 7.2 124.8 
9 -14.5 -4.5 1.7 8.3 14.5 1.4 8.0 557.9 
10 7.9 13.6 16.6 20.8 29.0 17.1 5.3 31.1 
12 -6.4 6.0 12.1 19.3 30.4 11.5 8.6 74.9 
13 3.6 11.1 14.5 17.5 31.1 14.9 6.1 41.3 
14 -1.8 11.2 17.1 21.9 30.1 16.0 8.1 50.9 
15 1.5 10.8 15.3 21.7 35.6 16.6 8.5 51.3 
16 -7.3 3.1 7.4 11.0 22.3 6.9 6.1 87.9 
17 -8.7 2.5 5.3 14.7 39.7 9.2 10.7 116.0 
18 -0.3 5.5 11.3 15.5 29.1 11.9 7.5 62.5 
19 1.4 4.4 6.4 8.8 14.6 6.7 3.2 47.6 
20 -8.2 4.0 10.0 18.3 35.9 11.7 10.2 87.4 
21 3.2 13.3 18.2 24.7 60.4 19.3 10.4 53.6 
23 -2.3 3.7 7.0 9.4 16.0 6.8 4.4 64.0 
24 0.7 2.8 5.6 12.3 21.3 7.6 6.2 81.6 
25 4.0 17.7 23.5 27.3 44.7 22.8 9.1 39.8 
26 -11.2 0.6 3.5 7.7 11.3 3.7 5.0 135.7 
Abbreviations: minimum (min), 25th percentile (25th), 75th percentile (75th), maximum (max), 










Appendix Table 3: Descriptive Statistics of Respiratory Pause Duration by Participant 
ID Min 25th Median 75th Max Mean SD CoV 
1 1.40 2.31 3.06 3.82 7.50 3.22 1.40 43.64 
2 0.66 1.13 1.69 2.33 2.55 1.65 0.65 39.09 
3 0.76 1.20 1.86 2.92 5.60 2.36 1.37 57.94 
4 0.64 1.01 2.62 7.46 12.05 4.04 3.77 93.42 
5 0.00 1.46 3.52 4.21 7.80 3.16 1.77 55.94 
6 0.45 1.33 2.50 6.55 8.75 3.95 2.76 69.89 
7 0.90 1.12 1.46 3.39 11.08 2.57 2.44 94.80 
8 0.45 2.16 7.50 12.03 16.30 7.40 5.02 67.84 
9 0.42 1.11 1.30 1.94 12.95 2.06 2.34 113.67 
10 0.75 1.21 1.52 2.94 13.00 2.66 2.80 105.21 
12 1.10 2.28 4.10 6.35 10.08 4.59 2.55 55.60 
13 0.64 0.97 1.24 4.54 23.70 3.30 4.34 131.34 
14 1.35 1.58 2.55 2.98 10.25 2.81 1.96 69.59 
15 1.00 3.41 3.80 5.93 12.50 4.77 2.54 53.19 
16 1.20 1.82 2.76 5.06 9.05 3.56 2.26 63.62 
17 1.00 3.04 5.06 7.93 19.15 6.16 4.26 69.18 
18 0.60 1.12 1.68 2.64 13.12 2.46 2.49 101.29 
19 0.96 1.19 1.35 2.97 11.95 2.52 2.52 100.08 
20 0.45 0.80 1.35 3.40 14.30 2.62 3.18 121.48 
21 1.10 2.23 3.50 5.50 12.05 4.22 2.71 64.16 
23 0.78 1.34 3.02 4.19 17.39 3.33 3.00 90.07 
24 0.85 1.55 3.16 3.65 15.15 3.89 3.81 97.99 
25 1.00 2.34 3.58 6.80 14.70 4.62 3.29 71.26 
26 0.50 1.16 1.75 6.21 21.20 3.83 4.46 116.47 
Abbreviations: minimum (min), 25th percentile (25th), 75th percentile (75th), maximum (max), 
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Abstract
Respiratory-swallow coordination (RSC) is important for swallowing safety. Atypical RSC is common in Parkinson’s dis-
ease (PD) and is associated with the presence of dysphagia and aspiration. Verbal cueing is known to a!ect RSC in healthy 
adults, yet an understanding of its e!ect on RSC in PD is unknown. Therefore, the aims of this study were to: (1) assess 
the e!ects of verbal cueing on respiratory-swallow patterning, lung volume initiation, and swallow apnea duration in PD; 
and (2) determine when during tidal breathing verbal cues should be given in order to increase the likelihood of eliciting 
optimal RSC. People with PD were prospectively recruited for respiratory-swallowing assessments during cued and non-
cued swallowing conditions. Non-cued trials consisted of swallowing in an unprompted fashion, while cued trials consisted 
of swallowing only once participants were verbally instructed. Verbal cues were given at four specific points during tidal 
breathing. Nonparametric tests were used to compare di!erences in patterning, lung volume, and swallow apnea duration 
between the cued and non-cued swallows. Twenty-five people with PD were enrolled, yielding an analysis of 375 swallows. 
Verbal cueing significantly a!ected respiratory-swallow patterning (p < 0.0005), lung volume initiation (p < 0.0005), and 
swallow apnea duration (p < 0.0005). The e!ects of verbal cueing on RSC di!ered significantly depending on when during 
tidal breathing verbal cues were given. Cues given at high tidal inhalation were most likely to elicit optimal RSC, while cues 
given at low tidal exhalation were the least likely to elicit optimal RSC. The results of this study demonstrate that verbal 
cueing significantly a!ects RSC in PD. Depending on when verbal cues are given during tidal breathing, RSC can become 
more safe and coordinated or more atypical and risky. Clinicians should be cognizant of these e!ects by avoiding verbal 
cues if attempting to evaluate normal RSC during swallowing evaluations and cueing for swallows at the time of high tidal 
inhalation when targeting more optimal RSC in PD.
Keywords Respiratory-swallow coordination"· Verbal cueing"· Swallow apnea"· Lung volume initiation"· Dysphagia"· 
Parkinson’s disease
Introduction
Parkinson’s disease (PD) is a highly prevalent, neurodegen-
erative movement disorder that frequently leads to mala-
daptive changes in breathing [1, 2], swallowing [3–6], and 
respiratory-swallow coordination (RSC) [7–9]. People with 
PD initiate swallows at significantly lower lung volumes, 
inhale significantly more frequently before and after swal-
lowing, and have significantly longer periods of swallow 
apnea when compared to healthy adults [7–9]. These pat-
terns of atypical RSC in people with PD are associated with 
the presence of dysphagia and pulmonary aspiration [10], 
ultimately increasing the risk of developing serious medi-
cal conditions including dehydration [11, 12], malnutrition 
[12–14], and aspiration pneumonia [15, 16]—a leading 
cause of death in this patient population [17, 18].
RSC is frequently characterized by three specific ele-
ments: respiratory-swallow patterning, which refers to the 
unique grouping of exhalations or inhalations before and 
after swallowing [19]; lung volume initiation, which refers 
to the amount of air contained within the lungs at the onset 
of respiratory cessation [20]; and swallow apnea duration 
(‘swallow pause’), which refers to the period of respiratory 
cessation as a direct result of neurologic inhibition [21, 22]. 
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Typical RSC for single sips of thin liquid is marked by an 
exhale–swallow–exhale pattern initiated at mid to low lung 
volumes (i.e., ~ 42% to 55% of vital capacity), resulting in 
an average apneic period of approximately 0.5–1.5!s [19, 
23–29]. Typical RSC is hypothesized to be optimal for swal-
lowing by providing distinct mechanical advantages for air-
way protection and bolus clearance, including enhancing the 
extent and timing of laryngeal elevation, airway closure, and 
upper and lower esophageal segment opening [30]. Devia-
tions from optimal RSC have been found to be associated 
with increased pharyngeal transit times, residue, and airway 
invasion in both healthy individuals and people with dyspha-
gia [10, 20, 31, 32].
Researchers have identified that RSC is amenable to 
change—thus having significant implications for dysphagia 
rehabilitation. Work by Martin-Harris et!al. [33] revealed 
that adults with head and neck cancer and atypical RSC can 
successfully learn to perform optimal RSC following four to 
eight treatment sessions of RSC skill training. These adap-
tive changes to RSC in people with head and neck cancer 
were associated with posttreatment improvements in laryn-
geal vestibule closure, tongue base retraction, bolus clear-
ance, and airway protection [33]. Research in healthy adults 
has revealed that altering bolus volumes, bolus viscosities, 
and bolus delivery methods all have immediate e"ects on 
the frequency of pre- and postswallow inhalation [23, 27, 
34–38], lung volume initiation [25, 26, 38, 39], and swallow 
apnea duration [23, 34, 36, 37, 40–42].
Verbal cueing is another factor known to significantly 
a"ect swallowing physiology and is often used in the evalua-
tion and treatment of swallowing function. In healthy adults, 
cueing individuals to swallow during a bolus-holding task 
elicits significantly earlier pharyngeal swallow initiation, 
shorter pharyngeal transit times, and later times to maxi-
mal pharyngeal constriction [43–45]. In PD, verbal cueing 
during a bolus-holding task has been found to alter which 
swallowing kinematic variables are most predictive of the 
presence or the absence of residue and airway invasion [46]. 
However, less is known about the e"ects of verbal cueing on 
RSC. No studies have assessed the e"ects of verbal cueing 
on RSC in disordered populations (e.g., PD), and only one 
study has directly examined the influence of verbal cueing 
on lung volume initiation in healthy adults. This study found 
that swallows cued at random points during tidal breathing 
demonstrated significantly lower lung volumes at the onset 
of swallowing compared to non-cued swallows [25].
It remains unknown what e"ect verbal cueing at specific 
points during tidal breathing has on RSC. Given the fre-
quent use of verbal cueing during swallowing evaluation 
and treatment, this information about RSC could have sig-
nificant implications for dysphagia management. Therefore, 
the primary aim of this study was to evaluate the e"ects of 
verbal cueing at specific points during tidal breathing on 
respiratory-swallow patterning, lung volume initiation, and 
swallow apnea duration in people with PD. We hypothesized 
that verbal cueing would significantly a"ect RSC, and that 
the e"ects of cueing on RSC would di"er based on the exact 
point during tidal breathing when verbal cues were given. 
As an exploratory aim, we also sought to determine when 
during tidal breathing verbal cues should be given in order to 
increase the likelihood of eliciting optimal RSC. We hypoth-
esized that swallows cued during low tidal exhalation would 
be the most likely to elicit optimal RSC.
Methods
Participants
Individuals were prospectively recruited for study participa-
tion at a university clinical research laboratory if having a 
medical diagnosis of idiopathic PD from a movement dis-
orders neurologist and having a neurologic mental status 
permitting study participation (Montreal Cognitive Assess-
ment # 23) [47]. All participants signed an informed con-
sent approved by the Institutional Review Board (Protocol 
#: 15-430) prior to enrollment and were blinded to the 
purpose of the study. Enrolled participants were ambula-
tory and medically stable with no recent history of pneu-
monias or hospitalizations. Additional inclusion criterion 
was self-report of an oral intake diet that was unrestricted 
to liquids (IDDSI Level 0) [48]. Exclusion criteria included 
the diagnosis of any other neurological disease or insult, or 
any history of head and neck cancer, significant head and 
neck surgery, spinal surgery, respiratory diseases/disorders, 
or smoking within the last 5!years. All participants had pre-
viously undergone baseline assessment of swallowing using 
Flexible Endoscopic Evaluations of Swallowing (FEES) 
within 6!months prior to study enrollment. Demographic 
information was recorded for each participant including age, 
sex, disease duration since diagnosis, disease duration since 
symptom onset, and baseline swallowing safety status, as 
measured with the Penetration-Aspiration Scale/‘PAS’ [49], 
and baseline swallowing e$ciency status, as measured with 
the Yale Pharyngeal Residue Severity Rating Scale [50] for 
the valleculae and piriforms (Table!1).
Data Acquisition
Respiratory Inductive Plethysmography
Respiratory movements of the rib cage (RC) and abdomen 
(AB) were recorded using respiratory inductive plethys-
mography (RIP) via the Respitrace system (Ambulatory 
Monitoring, Inc.). Elastic respitrace bands were placed 
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the abdomen below the lowest rib. These bands trans-
duced respiratory movements to track changes in cross-
sectional areas and determine the presence of inspiratory, 
expiratory, and apneic respiratory activity. An increase 
in the RIP signals indicates the presence of inspiration, 
a decrease in the RIP signals indicates the presence of 
expiration, and a plateau in the RIP signals indicates res-
piratory apnea (Fig.!1).
Experimental Tasks
RSC data were collected with participants seated in an 
upright position while connected to the Respitrace system. 
Prior to scope insertion and the initiation of swallowing 
tasks, RC and AB movements were recorded during two 
one-minute trials of resting tidal breathing, and three trials 
of forced vital capacity. These data were used to determine 
average tidal breathing volume and average vital capacity. A 
flexible endoscope was then passed transnasally, after which 
point the participants were presented with 5!mL thin liquid 
boluses during cued and non-cued swallowing conditions. 
All boluses were administered via a syringe to control for 
extraneous movements of the chest and abdomen and avoid 
distortion of the RIP signals.
During the non-cued swallowing condition, participants 
were provided with the instruction to “hold this liquid in 
your mouth, breathe normally for a few seconds, then swal-
low whenever is normal for you.” This instruction was given 
prior to administering the bolus in order to avoid any ver-
bal instruction during the bolus-holding portion of the task. 
During the cued swallowing conditions, participants were 
provided with the instruction to “hold this in your mouth, 
breathe normally, and swallow only once we say ‘swal-
low.’” Verbal cues to swallow were provided at four di"er-
ent points during tidal breathing: (1) when beginning tidal 
exhalation immediately following end-inspiratory level (high 
tidal exhalation); (2) when finishing tidal exhalation and 
approaching the predicted end-expiratory level (low tidal 
Table 1  Demographic
Measure N = 25
Age (years)





Disease duration since diagnosis (years)
Mean ± SD 6.7 ± 3.5
!Range (minimum–maximum) 0.8–16.0
Disease duration since symptom Onset (years)
!Mean ± SD 8.2 ± 3.7
!Range (minimum–maximum) 2.5-19.0
Swallowing function
!PAS: median, mode, range 1.00, 1.00, 1.00-8.00
!Vallecular residue: median, mode, range 1.25, 2.00, 0.00–4.00
!Piriform residue: median, mode, range 1.00, 2.00, 0.00–4.00
Fig. 1  Example of the participant setup (left) with the synchronized 
respiratory-swallow data and swallow detection methods (respiratory 
plethysmography signals, endoscopic whiteout, and manual place-
ment of digital tags). This example illustrates an exhale–swallow–
exhale initiated at 54.3% of tidal breathing volume with a swallow 
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exhalation); (3) when beginning tidal inhalation immedi-
ately following end-expiratory level (low tidal inhalation); 
and (4) when finishing tidal inhalation and approaching 
the predicted end-inspiratory level (high tidal inhalation) 
(Fig.!2).
The RC and AB movements were monitored in real-time 
by the examiner through the LabChart software in order to 
facilitate accurate timing of the verbal cues. RIP signals 
were not visible to the participants. Non-cued swallows 
consisted of the first three presentations for each partici-
pant. The remaining 12 verbally cued trials were elicited in 
a randomized order. FEES was used to determine the pres-
ence of aspiration and monitor patient safety throughout the 
experimental protocol. Criterion for bailout included aspira-
tion on more than one trial without the ability to eject the 
aspirate material completely or to a trace amount of residue, 
either spontaneously or with clinician assistance.
Data Analysis
The RIP signals were input directly to a PowerLab data 
acquisition system (PL3516 PowerLab 16/35, ADInstru-
ments), digitized, and recorded at 2!kHz. Video capture of 
the flexible endoscopic evaluation of swallowing (FEES) 
was also recorded and inputted into the same PowerLab sys-
tem. LabChart data analysis software (LabChart v8, ADIn-
struments) was used to synchronize the RIP signals with the 
FEES video recording (Fig.!1), store for later analysis, and 
allow for real-time monitoring of RSC activity.
Three methods were used for swallowing detection. The 
primary method for swallowing detection was identification 
of the simultaneous plateau in the RC and AB signals that 
is associated with respiratory-swallow apnea. In instances 
where a plateau was seen in one signal but not the other, 
two additional measures were used to verify the presence 
of a swallow. The first method was identification of the 
endoscopic whiteout during flexible endoscopy. The sec-
ond method was the manual placement of digital tags into 
the LabChart file at the time of the data acquisition. These 
tags were placed by a researcher who was visually assessing 
the participants for perceived swallowing gestures (laryngeal 
elevation) during each trial.
Outcome Measures
Swallow Apnea Duration
Swallow apnea duration was measured (in seconds) from the 
onset to o"set of an entire apneic period (RIP plateau) for a 
single ingestion cycle [35] (Fig.!1). Determination of swal-
low apnea duration was made by measuring the entire tem-
poral duration of the plateau in the RIP signals (described 
above).
Respiratory-Swallow Patterning
The frequency of preswallow inhalation, postswallow inha-
lation, and each of the four respiratory-swallow patterns was 
recorded by identifying the respiratory phase (inhalation/
exhalation) before and after each swallow. Determination of 
respiratory-swallow patterning was made via visual inspec-
tion of the direction of the RIP signals occurring before and 
after each period of swallow apnea. An increase in the RIP 
signals immediately before/after swallow apnea indicated 
inhalation, while a decrease in the RIP signals immediately 
before/after swallow apnea indicated exhalation.
Lung Volume Initiation
Lung volume was recorded at the onset of the initial swallow 
for each trial. Lung volume at swallow initiation was deter-
mined by summing together the RIP signals and determining 
how far above or below tidal breathing end-expiratory level 
(EEL) lung volumes were at the onset of swallow apnea. A 
standard ratio of 2:1 was applied to weight the RC and AB 
signals prior to being summed [51]. Lung volume initiation 
Fig. 2  Depiction of the four 
points during tidal breathing 
when verbal cues were given, 
relative to tidal breathing range 
[i.e., the di"erence between 
end-inspiratory level (EIL) and 
end-expiratory level (EEL): 
HE high tidal exhalation, LE 
low tidal exhalation, LI low 
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was then expressed as a percentage of the participant’s aver-
age tidal volume range (%TB; Fig.!3).
Statistical Analyses
Statistical analyses were conducted using IBM SPSS Sta-
tistics for Macintosh, Version 25.0 (ICM Corp, Armonk, 
NY, USA). A familywise p < 0.05 was used to determine 
level of statistical significance for each aim, using a Holm-
Bonferroni correction to correct for multiple comparisons.
Reliability
Cohen’s kappa (!) was used to assess intra- and interrater 
reliability of the respiratory-swallow patterning data. Inter-
pretation of " was judged to be ‘excellent’ if # 0.81, ‘good’ if 
between 0.61 and 0.80, ‘moderate’ if between 0.41 and 0.60, 
‘fair’ if between 0.21 and 0.40, and ‘poor’ if < 0.20 [52]. 
Two-way random e$ects, absolute agreement, intraclass cor-
relation coe%cients (ICC) were used to calculate intra- and 
interrater reliabilities for lung volume initiation and swal-
low apnea duration. Interpretation of ICC was judged to be 
‘excellent’ if # 0.90, ‘good’ if between 0.75 and 0.90, ‘mod-
erate’ if between 0.50 and 0.75, and ‘poor’ if < 0.50 [53].
Participant Demographics, Respiratory Function, 
and!Cue-to-Apnea Latencies
Descriptive statistics were performed to describe demo-
graphic information, including the number of males and 
females (± standard deviation) for age and disease duration, 
and median PAS, vallecular residue, and piriform residue 
rating scores. Means and standard deviations were also 
used to describe respiratory function including resting tidal 
breathing rate, tidal breathing volume, vital capacity volume, 
and the location of tidal breathing within vital capacity 
range. Lastly, descriptive statistics were used to measure 
the average latency between the time when verbal cues were 
given and the time when the onset of swallow apnea was first 
observed. A repeated measures analysis of variance (RM-
ANOVA) was then used to determine if this cue-to-apnea 
reaction time was significantly di$erent between each of the 
four cueing conditions.
Respiratory-Swallow Patterning
A Cochran’s Q nonparametric test with post hoc compari-
sons was performed to determine if the frequency of pre- and 
postswallow inhalation di$ered significantly between the 
non-cued swallowing condition and each of the four verbally 
cued swallowing conditions.
Lung Volume at!Swallow Initiation
Because there was unequal variance and a high positive 
skew in the lung volume data, nonparametric analyses were 
used. A repeated measures Friedman’s test with planned 
post hoc comparisons was used to determine if lung volume 
initiation for the non-cued swallowing condition di$ered 
significantly when compared to each of the four cued swal-
lowing conditions.
Swallow Apnea Duration
Because there was unequal variance and a high positive 
skew in the data, a nonparametric repeated measures Fried-
man’s test with planned post hoc comparisons were used to 
determine if swallow apnea duration for the non-cued swal-
lowing condition di$ered significantly when compared to 
each of the four verbally cued swallowing conditions.
Fig. 3  Examples of di$er-
ent lung volume initiations, 
expressed as a percentage of 
the resting tidal breathing range 









Demographic information is outlined in Table!1. Twenty-
five participants (males = 19; females = 6) were recruited, 
yielding an analysis of 375 swallows. Participants included 
nineteen males and six females, with an average age of 
70.5!years (± 9.7!years), and an average disease duration 
of 6.7!years (± 3.5!years). Baseline swallowing function, 
as assessed on FEES, revealed that participants had mild 
swallowing deficits, as indicated by a median PAS score 
of 2 (transient airway invasion above the level of the vocal 
folds), a median vallecular residue rating score of 1.25 
(trace to minimal residue), and a median piriform residue 
rating score of 1 (trace residue).
Participants presented with an average resting tidal 
breathing rate of 17.4 breaths per minute (± 3.2), an aver-
age tidal breathing volume of 0.58!L of air (± 0.25), and 
an average vital capacity of 2.35!L of air (± 0.64). In addi-
tion, the average end-expiratory level of tidal breathing 
occurred at 35.0% of vital capacity and the end-inspiratory 
level occurred at 62.5% vital capacity, with the average 
tidal breathing range occupying 27.5% of the total vital 
capacity range. The average cue-to-apnea reaction time 
was 0.86!s (± 0.32) for swallows cued at high exhalation, 
0.95!s (± 0.38) for swallows cued at low exhalation, 1.02!s 
(± 0.53) for swallows cued at high inhalation, and 0.89!s 
(± 0.40) for swallows cued at low inhalation. The RM-
ANOVA did not reveal any significant di"erences in the 
latencies between the four verbal cues, F(3, 132) = 1.919, 
p = 0.130.
Reliability
Intra- and interrater reliability ratings are outlined in Table!2. 
Intrarater reliability was judged as excellent for all RSC data. 
Interrater reliability was judged as excellent for preswallow 
inhalation and lung volume initiation, and good for posts-
wallow inhalation, patterning, and swallow apnea duration.
Respiratory-Swallow Patterning
Descriptive statistics for the frequency of each of the four 
di"erent respiratory-swallow patterns and the frequency 
of pre- and postswallow inhalation are outlined in Table!3. 
Results revealed that the frequency of preswallow inhala-
tion was significantly di"erent across cueing conditions, 
!2(4) = 87.382, p < 0.0005. When compared to non-cued 
swallows, preswallow inhalation was 5.3 times less fre-
quent for swallows cued at high exhalation (p = 0.009), 4.0 
times less frequent for swallows cued at high inhalation 
(p = 0.016), and 2.7 times more frequent for swallows cued 
at low inhalation (p < 0.0005). In addition, results revealed 
that the frequency of postswallow inhalation was also sig-
nificantly influenced by verbal cueing, !2(4) = 55.911, 
p < 0.0005. Specifically, postswallow inhalation occurred 
Table 2  Intra- and interrater reliability
Measure Intrarater 95% CI Classification p value Interrater 95% CI Classification p-value
Preswallow " = 0.946 0.896–1.00 Excellent p < 0.0005 " = 0.853 0.755–0.951 Excellent p < 0.0005
Postswallow " = 0.943 0.831–1.00 Excellent p < 0.0005 " = 0.715 0.477–0.952 Good p < 0.0005
Respiratory patterning " = 0.911 0.831–0.992 Excellent p < 0.0005 " = 0.761 0.639–0.883 Good p < 0.0005
Lung volume initiation ICC = 0.972 0.964–0.979 Excellent p < 0.0005 ICC = 0.975 0.967–0.981 Excellent p < 0.0005
Swallow apnea duration ICC = 0.927 0.858–0.958 Excellent p < 0.0005 ICC = 0.841 0.773–0.888 Good p < 0.0005
Table 3  Respiratory-Swallow 
Patterns
p-values are post hoc comparisons contrasting the frequency of pre- and postswallow inhalations for the 
non-cued swallowing condition to the frequency of pre- and postswallow inhalations for each of the four 
cued swallowing conditions. Bolded p-values indicates a statistically significant di"erences from the non-
cued condition with a Holm-Bonferroni correction




% % % % % p-value % p-value
Non-cued 75 70.7 22.7 6.7 0.0 21.3 8.0
Cued at high exhalation 75 89.3 4.0 6.7 0.0 4.0 p = 0.009 6.7 p = 0.814
Cued at high inhalation 75 88.0 5.3 6.7 0.0 5.3 p = 0.016 6.7 p = 0.814
Cued at low exhalation 75 33.3 26.7 34.7 5.3 30.7 p = 0.158 41.3 p < 0.0005




466 J. A. Curtis, M. S. Troche: E!ects of Verbal Cueing on Respiratory-Swallow Patterning, Lung Volume Initiation
1 3
5.1 times more frequently for swallows cued at low exhala-
tion (p < 0.0005) when compared to non-cued swallows. 
Descriptively, postswallow inhalation was found to occur 
2.5 times more frequently for swallows cued at low inha-
lation; however, this did not meet statistical significance 
after correcting for multiple comparisons.
Lung Volume Initiation
Descriptive statistics for lung volume initiation are out-
lined in Table!4. On average, lung volume initiation for 
non-cued swallows occurred in the mid to low tidal breath-
ing range, at 34.6% TB above end-expiratory level. Results 
revealed a statistically significant di"erence in lung vol-
ume initiation between the non-cued and verbally cued 
swallows, !2(4) = 85.185, p < 0.0005. Post hoc analysis 
demonstrated that when compared to non-cued swallows, 
lung volume initiation was approximately 65% lower for 
swallows cued during high exhalation (p < 0.0005) and low 
exhalation (p < 0.0005). However, lung volumes signifi-
cantly increased by 20% for swallows cued at high inhala-
tion (p = 0.016). No significant di"erence in lung volume 
initiation was observed between non-cued swallows and 
swallows cued during low inhalation (p = 0.245).
Swallow Apnea Duration
Descriptive statistics for swallow apnea duration are outlined 
in Table!5. On average, swallow apnea was 1.74!s in duration 
for non-cued swallows. There was a statistically significant 
di"erence in apnea duration between the non-cued and cued 
swallows, !2(4) = 39.914, p < 0.0005. Post hoc analysis dem-
onstrated that when compared to non-cued swallows, the 
average swallow apnea duration was approximately 0.7!s 
longer for swallows cued during low exhalation (p = 0.007) 
and approximately 0.35!s shorter for swallows cued dur-
ing high inhalation (p < 0.0005). However, there were no 
significant di"erences in swallow apnea duration between 
non-cued swallows and swallows cued during high tidal 
exhalation (p = 0.836) or low tidal inhalation (p = 0.570).
Discussion
The present investigation examined the e"ects of verbal cue-
ing at specific points during tidal breathing on respiratory-
swallow patterning, lung volume initiation, and swallow 
apnea duration in people with PD. This is the first study to 
examine the e"ects of verbal cueing on RSC in a disordered 
population (e.g., PD) and to determine if there are specific 
points during tidal breathing when verbal cues should be 
Table 4  Lung volume initiations
p-values are post hoc comparisons contrasting mean lung volume initiation for the non-cued swallow-
ing condition to the mean lung volume initiation for each of the four cued swallowing conditions. Bolded 
p-values indicates a statistically significant di"erences from the non-cued condition with a Holm-Bonfer-
roni correction
Cueing condition N Mean ± SD Percentile p-value
(% TB) 25% 50% 75%
Non-cued 75 34.4 ± 41.2 6.1 23.9 49.7
High exhalation 75 12.2 ± 27.0 0.0 8.4 2.7 p < 0.0005
High inhalation 75 41.5 ± 37.6 22.9 44.2 66.4 p = 0.016
Low exhalation 75 11.9 ± 27.6 # 4.5 7.8 23.3 p < 0.0005
Low inhalation 75 37.9 ± 28.0 24.6 40.1 54.2 p = 0.245
Table 5  Swallow apnea 
duration
p-values are post hoc comparisons contrasting the mean SAD for the non-cued swallowing condition to the 
mean SAD for each of the four cued swallowing conditions. Bolded p-values indicates a statistically sig-
nificant di"erences from the non-cued condition with a Holm-Bonferroni correction
Cueing condition N Percentile p-value
(seconds) 25% 50% 75%
Non-cued 75 1.74 ± 1.11 1.03 1.39 1.81
High exhalation 75 1.81 ± 1.56 1.15 1.37 1.83 p = 0.836
High inhalation 75 1.38 ± 0.91 0.92 1.17 1.36 p < 0.0005
Low exhalation 75 2.44 ± 1.77 1.29 1.97 2.93 p = 0.007
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given in order to increase the likelihood of eliciting optimal 
RSC. Results from this study revealed that respiratory-swal-
low patterning, lung volume initiation, and swallow apnea 
duration were all significantly a!ected by verbal cueing, and 
that the e!ects of verbal cueing on these parameters of RSC 
di!ered significantly based on when during tidal breathing 
the verbal cues were given.
An average latency of ~ 0.93"s was observed between 
verbal cueing and the onset of swallow apnea; therefore, 
the point when swallows were cued during the respiratory 
cycle was not when swallows were initiated. For example, 
if a swallow was verbally cued at high tidal inhalation, par-
ticipants were likely to continue breathing for approximately 
one second and initiate swallows during tidal exhalation and 
mid-lung volumes (Fig."4). This finding of a cue-to-swallow 
latency (i.e., ‘reaction time’) is consistent with basal ganglia 
dysfunction and symptoms often experienced in PD, specifi-
cally impairment of movement initiation.
Based on previous research [54], an increased frequency 
of preswallow inhalation and a decreased frequency of post-
swallow inhalation for verbally cued swallows was antici-
pated. Findings from this study partially supported this 
hypothesis by identifying that swallows cued during low 
tidal inhalation resulted in significantly more preswallow 
inhalation when compared to non-cued swallows. However, 
swallows cued during high tidal exhalation and high tidal 
inhalation demonstrated significantly less preswallow inha-
lation when compared to non-cued swallows. In addition, 
contrary to our original hypothesis, a significant increase in 
the frequency of postswallow inhalation was observed for 
swallows cued during low tidal exhalation when compared to 
non-cued swallows—a pattern that is associated with swal-
lowing dysfunction and aspiration in PD. Taken together, 
these results indicate that the frequency of inhalation before 
and/or after swallowing can be either increased or decreased 
depending on when during tidal breathing verbal cues are 
given.
The people with PD in this study cohort initiated non-
cued swallows at mid-low tidal lung volumes (i.e., ~ 34% 
TB). This lung volume level is lower than the lung volume 
initiation typical for healthy adults, who are thought to initi-
ate swallows at mid-tidal lung volumes (i.e., ~ 50% TB) for 
single sips of thin liquids. This finding supports previous 
work by Gross and colleagues, who also found that people 
with PD initiate swallows at lower lung volumes when com-
pared to healthy adults [55]. Based on the work by McFar-
land et"al. [25], it was postulated that a decrease in lung 
volume initiation would be seen for cued swallows when 
compared to non-cued swallows. The findings from this 
study partially supported this hypothesis. Lung volume ini-
tiation was decreased when cued during high and low tidal 
exhalation, with a change in lung volume initiation from ~ 34 
to ~ 12% TB. In some instances, lung volumes cued at these 
points during tidal breathing occurred below tidal breathing 
range, potentially placing this population at greater risk of 
swallowing dysfunction and swallowing safety impairments. 
Interestingly, it was identified that cueing during high tidal 
inhalation actually resulted in a significant increase in lung 
volume initiation, from ~ 34 to ~ 42% TB—a lung volume 
level closer to the optimal mid-tidal breathing range.
Lastly, this study revealed that verbal cueing also sig-
nificantly changed swallow apnea duration. The average 
duration of swallow apnea was 1.74"s for non-cued swal-
lows. This swallow apnea duration increased significantly 
to nearly 2.5"s when participants were verbally cued during 
low exhalation—a duration of respiratory cessation that is 
nearly 1.5"s longer than the average swallow apnea duration 
for healthy adults. This is thought to be related to the fact 
that cues given at low exhalation also resulted in lower lung 
volume initiation. This idea supports the work by Gross et"al. 
[20], who found that swallows performed at low lung vol-
umes demonstrated longer pharyngeal swallows compared 
to swallows performed within or above tidal breathing range. 
Our work also demonstrated that swallows cued during high 
inhalation resulted in a significantly shorter swallow apnea 
duration. Again, it is thought that the shorter swallow apnea 
duration was related to the significantly higher lung volumes 
typically seen for swallows cued at high tidal inhalation. It 
Fig. 4  Example of the latency 
between a verbal cue and the 
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should be noted that the swallow apnea duration for swal-
lows cued at high inhalation were the only swallows that 
were contained within a more normal range for single bolus 
swallows (i.e., 1–1.5!s).
In addition to identifying that verbal cueing significantly 
a"ects RSC, and that these e"ects change based on when 
during tidal breathing the cue is given, findings from this 
study also revealed that there are definitive points during 
tidal breathing when verbal cues should be given and should 
be avoided when attempting to elicit optimal RSC in PD. It 
was originally hypothesized that swallows cued during low 
tidal exhalation would be the most likely to elicit optimal 
RSC. This hypothesis was based on preliminary pilot data 
in healthy young adults who demonstrated optimal RSC 
when cued at this point—likely related to a nearly absent 
cue-to-swallow latency. However, swallows cued at low tidal 
exhalation were actually the least favorable at eliciting opti-
mal RSC, likely related to the cue-to-swallow latency of 
approximately one second in our study cohort. Nearly 40% 
of swallows cued at this point demonstrated postswallow 
inhalation, compared to just 8% of the non-cued swallows. 
In addition, swallows cued at low tidal exhalation exhibited 
an average lung volume initiation that was below the opti-
mal mid-tidal breathing range. Instead, it was cueing at high 
tidal inhalation that was the most likely to elicit optimal 
RSC. Nearly 90% of swallows cued at this point demon-
strated an exhale–swallow–exhale pattern. And while swal-
lows cued at high exhalation also demonstrated a high rate 
of exhale–swallow–exhales, it was swallows cued at high 
inhalation that also had an average lung volume within the 
optimal mid-tidal breathing range.
The findings from this study have significant implications 
for dysphagia management. First, given that verbal cueing 
can significantly a"ect RSC in PD, it is best to elicit held 
bolus trials in a non-cued fashion if attempting to observe 
the RSC behaviors typical for the examinee. If verbal cues 
are necessary during swallowing assessments and treatment 
sessions, then clinicians should attend to tidal breathing 
activity and verbally cue for swallows at high tidal inhala-
tion, as this appears the most likely to elicit the optimal RSC 
pattern in PD. Cueing at other points during tidal breath-
ing may worsen RSC in people with PD and place them at 
greater risk for swallowing dysfunction and aspiration.
It should be noted that a “held, non-cued” swallowing 
task, rather than a “non-held” natural cup sip task, was 
used in this study and may not necessarily represent nor-
mal swallowing conditions. This was completed in order to 
control for potentially significant di"erences between held 
and non-held swallowing conditions. Future work compar-
ing di"erences in RSC between held and non-held cup sips 
is warranted. Second, this study was limited to participants 
with early to mid-stage PD. Future work including people 
with early through late stage PD should determine if/how 
the e"ects of verbal cueing on RSC change as a function 
of disease severity. In addition, given the cue-to-swallow 
latency was observed in this study, and that this latency is 
likely specific to individuals with impairments in move-
ment initiation, the findings from this study may not be 
generalized to populations where movement initiation 
is intact. Lastly, the present investigation used FEES to 
assess swallowing. Postswallow endoscopic visualization 
of the laryngeal vestibule and subglottic space was incon-
sistent, due either to intermittent obstruction of the liquid 
boluses on the camera lens, or from patient sensitivity to 
scope advancement into the laryngeal vestibule. Because 
the primary purpose of the endoscope was to verify the 
presence of a swallow and ultimately answer the primary 
aim (i.e., to determine the e"ects of verbal cueing on 
RSC), rather than to determine the e"ects of verbal cue-
ing on swallowing function, we limited advancement of 
the scope into the laryngeal vestibule only to those partici-
pants who did not demonstrate sensitivity/irritability. This 
limitation prohibited the ability to assess the relationship 
between RSC and verbal cues with swallowing safety and 
e#ciency. However, the endoscope was advanced for all 
participants in instances where aspiration was suspected. 
There were no instances of gross amounts of aspiration 
seen on endoscopy, and in instances where aspiration was 
visualized, all participants were able to produce coughs 
e"ective enough to either eject aspirate material com-
pletely or eject to a trace coating amount. Future studies 
examining the e"ects of RSC and verbal cueing on swal-
lowing safety and e#ciency in PD are needed.
Conclusions
The results of this study demonstrate that verbal cueing 
significantly a"ects RSC in PD, and that there are spe-
cific points during tidal breathing when verbal cues should 
be given and avoided in order to improve respiratory-
swallow patterning, lung volume initiation, and swallow 
apnea duration. RSC was more coordinated and optimal 
for swallowing when cued at high tidal inhalation, and 
more atypical and risky for swallowing when cued a low 
tidal exhalation—a finding likely related to the latency 
in response time between verbal cues and swallow initia-
tion. Clinicians and researchers should be cognizant of the 
e"ects of verbal cueing on RSC by either avoiding verbal 
cues during held bolus trials, or cueing during high tidal 
breathing in PD.
Acknowledgements This work was supported in part by grant funds to 




469J. A. Curtis, M. S. Troche: E!ects of Verbal Cueing on Respiratory-Swallow Patterning, Lung Volume Initiation
1 3
Compliance with Ethical Standards 
Conflict of interest Authors James A. Curtis and Michelle S. Troche 
declare they each have no conflicts of interest.
Ethical Approval All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki 
declaration and its later amendments or comparable ethical standards.
References
 1. O’Callaghan A, Walker R. A review of pulmonary function in 
Parkinson’s disease. J Park Restless Legs Syndr. 2018;8:13–23. 
https ://doi.org/10.2147/JPRLS .S1143 09.
 2. Shill H, Stacy M. Respiratory complications of Parkinson’s dis-
ease. Semin Respir Crit Care Med. 2002;23(3):262–5. https ://doi.
org/10.1016/j.prrv.2006.04.193.
 3. Bushmann M, Dobmeyer SM, Leeker L, Perlmutter JS. Swallow-
ing abnormalities and their response to treatment in Parkinson’s 
disease. Neurology. 1989;39(10):1309.
 4. Pflug C, Moritz Bihler B, Katharina Emich B, et!al. Critical dys-
phagia is common in Parkinson disease and occurs even in early 
stages: a prospective cohort study. Dysphagia. 2017. https ://doi.
org/10.1007/s0045 5-017-9831-1.
 5. Kalf JG, De Swart BJM, Bloem BR, Munneke M. Prevalence of 
oropharyngeal dysphagia in Parkinson’s disease: a meta-analysis. 
Park Relat Disord. 2012;18:311–5. https ://doi.org/10.1016/j.parkr 
eldis .2011.11.006.
 6. Takizawa C, Gemmell E, Kenworthy J, Speyer R. A Systematic 
review of the prevalence of oropharyngeal dysphagia in stroke, 
Parkinson’s disease, Alzheimer’s disease, head injury, and pneu-
monia. Dysphagia. 2016;1:8. https ://doi.org/10.1007/s0045 
5-016-9695-9.
 7. Pinnington LL, Muhiddin KA, Ellis RE, Playford ED. Non-
invasive assessment of swallowing and respiration in Parkinson’s 
disease. J Neurol. 2000;247:773–7.
 8. Gross RD, Atwood CW, Ross SB, Eichhorn KA, Olszewski JW, 
Doyle PJ. The coordination of breathing and swallowing in Par-
kinson’s disease. Dysphagia. 2008;23(2):136–45. https ://doi.
org/10.1007/s0045 5-007-9113-4.
 9. Wang CM, Shieh WY, Weng YH, Hsu YH, Wu YR. Non-invasive 
assessment determine the swallowing and respiration dysfunction 
in early Parkinson’s disease. Park Relat Disord. 2017;42:22–7. 
https ://doi.org/10.1016/j.parkr eldis .2017.05.024.
 10. Troche MS, Huebner I, Rosenbek JC, Okun MS, Sapienza CM. 
Respiratory-swallowing coordination and swallowing safety in 
patients with parkinson’s disease. Dysphagia. 2011;26:218–24. 
https ://doi.org/10.1007/s0045 5-010-9289-x.
 11. Leibovitz A, Baumoehl Y, Lubart E, Yaina A, Platinovitz N, Segal 
R. Dehydration among long-term care elderly patients with oro-
pharyngeal dysphagia. Gerontology. 2007;53:179–83. https ://doi.
org/10.1159/00009 9144.
 12. Streicher M, Wirth R, Schindler K, Sieber CC, Hiesmayr M, Volk-
ert D. Dysphagia in Nursing homes—results from the nutrition 
day project. J Am Med Dir Assoc. 2018;19:141–7. https ://doi.
org/10.1016/j.jamda .2017.08.015.
 13. Serra-Prat M, Palomera M, Gomez C, et!al. Oropharyngeal dys-
phagia as a risk factor for malnutrition and lower respiratory tract 
infection in independently living older persons: a population-
based prospective study. Age Ageing. 2012;41:376–81. https ://
doi.org/10.1093/agein g/afs00 6.
 14. Namasivayam-MacDonald AM, Morrison JM, Steele CM, Keller 
H. How swallow pressures and dysphagia a"ect malnutrition and 
mealtime outcomes in long-term care. Dysphagia. 2017;32:785–
96. https ://doi.org/10.1007/s0045 5-017-9825-z.
 15. Langmore SE, Terpenning MS, Schork A, et!al. Predictors of 
aspiration pneumonia: how important is dysphagia? Dysphagia. 
1998;13:69–81. https ://doi.org/10.1007/PL000 09559 .
 16. Daniels SK, Ballo LA, Mahoney MC, Foundas AL. Clinical pre-
dictors of dysphagia and aspiration risk: outcome measures in 
acute stroke patients. Arch Phys Med Rehabil. 2000;81:1031–3. 
https ://doi.org/10.1053/apmr.2000.6301.
 17. Beyer MK, Herlofson K, Arsland D, Larsen JP. Causes of 
death in a community-based study of Parkinson’s disease. 
Acta Neurol Scand. 2001;103(1):7–11. https ://doi.org/10.103
4/j.1600-0404.2001.00191 .x.
 18. Fall P, Saleh A, Fredrickson M, Olsson J, Granerus A. Survival 
time, mortality, and cause of death in elderly patients with Par-
kinson’s disease. Mov Disord. 2003;18(11):1312–6.
 19. Martin-Harris B, Brodsky MB, Michel Y, Ford CL, Walters B, 
He"ner J. Breathing and swallowing dynamics across the adult 
lifespan. Arch Otolaryngol Head Neck Surg. 2005;131:762–70.
 20. Gross RD, Atwood CW, Grayhack JP, Shaiman S. Lung volume 
e"ects on pharyngeal swallowing physiology. J Appl Physiol. 
2003;95:2211–7. https ://doi.org/10.1152/jappl physi ol.00316 
.2003.
 21. Horton KK, Segers LS, Nuding SC, et!al. Central respiration 
and mechanical ventilation in the gating of swallow with breath-
ing. Front Physiol. 2018;9:1–17. https ://doi.org/10.3389/fphys 
.2018.00785 .
 22. Martin-Harris B, Brodsky MB, Price CC, Michel Y, Walters B. 
Temporal coordination of pharyngeal and laryngeal dynamics 
with breathing during swallowing: single liquid swallows. J Appl 
Physiol. 2003. https ://doi.org/10.1152/jappl physi ol.00806 .2002.
 23. Martin BJ, Logemann JA, Shaker R, Dodds WJ. Coordina-
tion between respiration and swallowing: respiratory phase 
relationships and temporal integration. J Appl Physiol. 
1994;76(2):714–23.
 24. Perlman AL, He X, Barkmeier J, Van Leer E. Bolus Location 
associated with videofluoroscopic and respirodeglutometric 
events. J Speech Lang Hear Res. 2005;48(1):21–33. https ://doi.
org/10.1530/ERC-16-0328.
 25. McFarland DH, Martin-Harris B, Fortin AJ, Humphries K, Hill E, 
Armeson K. Respiratory-swallowing coordination in normal sub-
jects: lung volume at swallowing initiation. Respir Physiol Neuro-
biol. 2016;234:89–96. https ://doi.org/10.1016/j.resp.2016.09.004.
 26. Wheeler Hegland KM, Huber JE, Pitts T, Sapienza CM. Lung vol-
ume during swallowing: single bolus swallows in healthy young 
adults. J Speech Lang Hear Res. 2009;52:178–87. https ://doi.
org/10.1044/1092-4388(2008/07-0165).
 27. Preiksaitis HG, Mills CA. Coordination of breathing and swal-
lowing: e"ects of bolus consistency and presentation in normal 
adults. J Appl Physiol. 1996;81(4):1707–14.
 28. Preiksaitis HG, Mayrand S, Robins K, Diamant NE. Coordination 
of respiration and swallowing: e"ect of bolus volume in normal 
adults. Am J Physiol Integr Comp Physiol. 1992;263(3):R624–30.
 29. Lederle A, Hoit JD, Barkmeier-Kraemer J. E"ects of sequen-
tial swallowing on drive to breathe in Young, healthy adults. 
Dysphagia. 2012;27(2):221–7. https ://doi.org/10.1007/s0045 
5-011-9357-x.
 30. McFarland DH, Harris B-M, Fortin AJ. Enhancing swallow-
ing-respiration coordination. Curr Phys Med Rehabil Rep. 
2018;6(4):239–44. https ://doi.org/10.1007/s4014 1-018-0202-0.
 31. Morton R, Minford J, Ellis R, Pinnington LL. Aspiration with 
dysphagia: the interaction between oropharyngeal and respiratory 





470 J. A. Curtis, M. S. Troche: E!ects of Verbal Cueing on Respiratory-Swallow Patterning, Lung Volume Initiation
1 3
 32. Nilsson H, Ekberg O, Bülow M, Hindfelt B. Assessment of 
respiration during video fluoroscopy of dysphagic patients. 
Acad Radiol. 1997;4(7):503–7. https ://doi.org/10.1016/S1076 
-6332(97)80237 -1.
 33. Martin-Harris B, McFarland D, Hill EG, et!al. Respiratory-
swallow training in patients with head and neck cancer. Arch 
Phys Med Rehabil. 2015;96:885–93. https ://doi.org/10.1016/j.
apmr.2014.11.022.
 34. Hiss SG, Treole K, Stuart A. E"ects of age, gender, bolus volume, 
and trial on swallowing apnea duration and swallow/respiratory 
phase relationships of normal adults. Dysphagia. 2001;16:128–35. 
https ://doi.org/10.1007/s0045 50011 001.
 35. Dozier TS, Brodsky MB, Michel Y, Walters BC, Martin-Harris 
B. Coordination of swallowing and respiration in normal sequen-
tial cup swallows. Laryngoscope. 2006;116:1489–93. https ://doi.
org/10.1097/01.mlg.00002 27724 .61801 .b4.
 36. Shaker R, Li Q, Ren J, et!al. Coordination of deglutition and 
phases of respiration: e"ect of aging, tachypnea, bolus volume, 
and chronic obstructive pulmonary disease. Am J Physiol Liver 
Physiol. 1992;263(5):G750–5.
 37. Klahn MS, Perlman AL. Temporal and durational patterns associ-
ating respiration and swallowing. Dysphagia. 1999;14(3):131–8.
 38. Gross RD, Atwood CW, Ross SB, Olszewski JW, Eichhorn 
KA. The coordination of breathing and swallowing in chronic 
obstructive pulmonary disease. Am J Respir Crit Care Med. 
2009;179(7):559–65. https ://doi.org/10.1164/rccm.20080 7-1139O 
C.
 39. Hegland KW, Huber JE, Pitts T, Davenport PW, Sapienza CM. 
Lung volume measured during sequential swallowing in healthy 
young adults. J Speech Lang Hear Res. 2011;54:777–86. https ://
doi.org/10.1044/1092-4388(2010/09-0237).
 40. Perlman AL, Ettema SL, Barkmeier J. Respiratory and acoustic 
signals associated with bolus passage during swallowing. Dyspha-
gia. 2000;15(2):89–94. https ://doi.org/10.1007/s0045 50010 006.
 41. Hirst LJ, Ford GA, Gibson GJ, Wilson JA. Swallow-induced 
alterations in breathing in normal older people. Dysphagia. 
2002;17:152–61. https ://doi.org/10.1007/s0045 5-001-0115-3.
 42. Kumar R, Bhat JS. Respiratory swallow coordination in 
healthy individuals. Cloud Publ Int J Adv Speech Hear Res. 
2012;1(1):1–9.
 43. Daniels SK, Schroeder MF, Degeorge PC, Corey DM, Rosen-
bek JC. E"ects of verbal cue on bolus flow during swallowing. 
Am J Speech-Language Pathol. 2007;16:140–7. https ://doi.
org/10.1044/1058-0360(2007/018).
 44. Nagy A, Leigh C, Hori SF, Molfenter SM, Shariff T, Steele 
CM. Timing di"erences between cued and noncued swallows in 
healthy young adults. Dysphagia. 2013;28:428–34. https ://doi.
org/10.1007/s0045 5-013-9456-y.
 45. Molfenter SM, Leigh C, Steele CM. Event sequence variability 
in healthy swallowing: building on previous findings. Dysphagia. 
2014;29:234–42. https ://doi.org/10.1007/s0045 5-013-9501-x.
 46. Curtis JA, Molfenter S, Troche MS. Predictors of residue and 
airway invasion in Parkinson’s disease. Dysphagia. 2019. https ://
doi.org/10.1007/s0045 5-019-10014 -z.
 47. Nasreddine ZS, Phillips NA, Bédirian V, et!al. The Montreal Cog-
nitive Assessment, MoCA: a brief screening tool for mild cogni-
tive impairment. J Am Geriatr Soc. 2005;53(4):695–9.
 48. Cichero JAY, Lam P, Steele CM, et!al. Development of interna-
tional terminology and definitions for texture-modified foods and 
thickened fluids used in dysphagia management: the IDDSI frame-
work. Dysphagia. 2017;32(2):293–314. https ://doi.org/10.1007/
s0045 5-016-9758-y.
 49. Rosenbek JC, Robbins J, Roecker EB, Coyle JL, Wood JL. A 
penetration-aspiration scale. Dysphagia. 1996;11:93–8.
 50. Neubauer PD, Hersey DP, Leder SB. Pharyngeal Residue sever-
ity rating scales based on fiberoptic endoscopic evaluation of 
swallowing: a systematic review. Dysphagia. 2016. https ://doi.
org/10.1007/s0045 5-015-9682-6.
 51. Mead J, Konno JM. Measurement of the separate volume changes 
of rib cage and abdomen during breathing. J Appl Physiol. 
1967;22(3):407–22.
 52. Altman DG. Practical statistics for medical research. London: 
Chapman & Hall; 1991.
 53. Koo TK, Li MY. A guideline of selecting and reporting intraclass 
correlation coe#cients for reliability research. J Chiropr Med. 
2016;15:155–63. https ://doi.org/10.1016/j.jcm.2016.02.012.
 54. Kelly BN, Huckabee ML, Jones RD, Carroll GJ. The influence 
of volition on breathing-swallowing coordination in healthy 
adults. Behav Neurosci. 2007;121(6):1174–9. https ://doi.
org/10.1037/0735-7044.121.6.1174.
 55. Diez Gross R, Atwood CW Jr, Ross SB, Eichhorn KA, Olszewski 
JW, Doyle PJ. The coordination of breathing and swallowing in 
parkinson’s disease. Dysphagia. 2007;23(2):136–45. https ://doi.
org/10.1007/s0045 5-007-9113-4.
Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional a#liations.
James A. Curtis MS, CCC-SLP, BCS-S













RESPIRATORY-SWALLOW COORDINATION TRAINING AND VOLUNTARY COUGH 
SKILL TRAINING: A SINGLE-SUBJECT TREATMENT STUDY  













Training and Voluntary Cough Skill
Training: A Single-Subject
Treatment Study in a Person
With Parkinson’s Disease
James A. Curtis,a Avery E. Dakin,a and Michelle S. Trochea
Purpose: Airway protective disorders are common in
Parkinson’s disease (PD), yet effective methods to rehabilitate
these life-threatening impairments are limited. This study
examined the effects of two skill-based treatments aimed
at improving swallowing and cough in a severely dysphagic
person with PD: respiratory–swallow coordination training
(RSCT) and voluntary cough skill training (VCST). It was
hypothesized that (a) RSCT would improve respiratory–
swallow coordination and swallowing safety and efficiency
and (b) VCST would improve reflex and voluntary cough
effectiveness.
Method: An 81-year-old man with midstage PD and severe
dysphagia was recruited for study participation. The study
utilized a multiple-baseline ABACA experimental design with
a 2-month delayed retention assessment. Measures of
respiratory–swallow coordination, swallowing safety and
efficiency, and cough effectiveness were collected at each
assessment using respiratory inductive plethysmography,
flexible endoscopic evaluations of swallowing, and spirometry.
Data were analyzed descriptively using baseline corrected
tau and standard mean difference effect sizes (d).
Results: Large effect sizes were observed immediately
following RSCT for respiratory–swallow coordination (d = 9.17),
penetration–aspiration (d = 12.88), vallecular residue (d = 1.75),
piriform residue (d = 4.15), and overall dysphagia severity
(d = 1.83). Large effect sizes were also observed immediately
following VCST for single voluntary cough (d = 4.30),
sequential voluntary cough (d = 3.28), and reflex cough
(d = 5.58). Improvements were maintained 2 months later
for all outcome measures except single voluntary cough.
Discussion: This is the first study to examine the effects of
RSCT and VCST in a person with PD. Robust improvements
in respiratory–swallow coordination and swallowing safety
and efficiency were achieved following four sessions of
RSCT, and significant improvements in reflex and voluntary
cough strength were seen following four sessions of VCST.
Future work is needed to study these treatments in larger
cohorts of people with PD.
P arkinson’s disease (PD) is a highly prevalent, neuro-degenerative movement disorder affecting approxi-mately 4% of adults over the age of 80 years (Davie,
2008). The pathogenesis of PD is classically characterized
by dopaminergic loss within the basal ganglia, which ulti-
mately leads to abnormal functioning of the motor control
circuitry (Davie, 2008). As a result, PD frequently leads to
detrimental changes in airway protection, which include a
continuum of behaviors intended to maintain a healthy and
homeostatic pulmonary environment, with swallowing and
cough on either end (Troche, Brandimore, Godoy, et al.,
2014). Specifically, safe swallowing prevents the entry of
foods and liquids into the airway, while effective coughing
ejects material out of the airway when penetration and aspi-
ration do occur. Deficits in these airway protective behaviors
contribute to the development of life-threatening medical
morbidities in PD, including dehydration, malnutrition, and
aspiration pneumonia (Kalf et al., 2012). However, despite
the high prevalence and impact of dysphagia (disordered
swallowing) and dystussia (disordered coughing) in PD,
effective treatments to rehabilitate cough and swallowing
are lacking (Choi et al., 2019; van Hooren et al., 2014).
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The pathogenesis of PD is such that impairments
in neuromotor control and coordination are often more
severe than reductions in peripheral muscle strength. This
hypothesis is supported in part by recent research that has
identified that functional brain connectivity changes in
swallowing-related cortices in people with PD when com-
pared to healthy controls and that these changes are more
pronounced when comparing dysphagic people with PD
to nondysphagic people with PD (Gao et al., 2019). There-
fore, it follows that skill-based treatment paradigms may
potentially elicit more robust benefits for cough and swal-
lowing rehabilitation than strength-based treatment para-
digms. Skill-based treatments diverge from traditional
strength-training approaches by capitalizing on principles
of motor learning and neuroplasticity to train novel motor
tasks or to relearn previously acquired motor skills. Skill
training has been used in physical therapy to improve im-
pairments in postural instability, gait, and limb movements
(Caligiore et al., 2017; Kearney et al., 2019; Rocha et al.,
2014). However, research assessing the effects of skill train-
ing for cough and swallowing rehabilitation is limited and
has only recently begun to garner clinical and scientific
interest (Athukorala et al., 2014; Huckabee & Lamvik-
Gozdzikowska, 2018; Huckabee & Macrae, 2016; Manor
et al., 2013; Martin-Harris et al., 2015).
Respiratory–swallow coordination training (RSCT)
is one such skill-based treatment that has been found to
significantly improve swallowing function in people with
head and neck cancer (Martin-Harris et al., 2015). The goal
of RSCT is to increase the accuracy and consistency of per-
forming optimal respiratory–swallow coordination (RSC)
whenever eating and drinking (Martin-Harris et al., 2015).
Optimal RSC is hypothesized to involve swallowing within
a mid lung volume range using an exhale–swallow–exhale
respiratory–swallow pattern. Optimal RSC is thought to
provide physiological advantages important for safe and
efficient swallowing, including enhanced laryngeal elevation,
airway closure, and opening of the upper and lower esoph-
ageal sphincters (McFarland et al., 2018). Conversely,
suboptimal RSC, which occurs at disproportionately higher
rates in people with dysphagia, involves inhaling immedi-
ately before or after swallowing and/or initiating swallows
at high or low lung volumes (Morton et al., 2002). While
suboptimal RSC is common in PD and is associated with
the presence of aspiration, the effects of RSCT in PD have
not been studied (Curtis & Troche, 2019; Gross et al., 2008;
Pinnington et al., 2000; Troche et al., 2011).
Like suboptimal RSC, inefficient coughing is also
common in PD and is associated with the presence of dys-
phagia and aspiration (Fontana et al., 1998; Pitts et al., 2008;
Troche, Brandimore, Okun, et al., 2014; Troche et al., 2016;
Wheeler Hegland, Troche, et al., 2014). Efficient coughing
involves the ability to (a) detect the presence of foreign and
endogenous material in the airway and (b) reflexively and/
or voluntarily produce expiratory airflow forces sufficient
enough to eject said material out of the airway. Inefficient
coughing is characterized in large part by reduced cough
peak expiratory flow rate (PEFR), which can become blunted
as a result of reduced respiratory muscle strength and im-
paired motor coordination. While strength-based treatments
have been found to increase cough strength in PD (Pitts
et al., 2009), the efficacy of skill-based treatments for cough
in PD is lacking. However, researchers have recently
demonstrated that cough strength can be volitionally up-
regulated in PD (Brandimore et al., 2017; Wheeler Hegland
et al., 2012), thus demonstrating promise that cough skill
training is possible in PD.
Therefore, the aims of this study were to assess the
effects of two skill-based treatments for swallowing and
cough rehabilitation in a person with PD: RSCT and vol-
untary cough skill training (VCST). We hypothesized that
(a) RSCT would result in significant improvements in opti-
mal RSC, swallowing safety, and swallowing efficiency




The participant signed an informed consent at the
time of study recruitment (Protocol 17-293). He was an
81-year-old man with an 8.5-year history of PD and a 2-year
history of severe dysphagia. He presented with midstage
PD, as indicated by a Hoehn and Yahr Stage 3 (Hoehn &
Yahr, 1967), and moderate–severe motor impairments, as
indicated by a Unified Parkinson’s Disease Rating Scale
Motor Examination score of 32 (Goetz et al., 2008). PD-
related medications included carbidopa–levodopa. The par-
ticipant required ambulatory support (walker) and had no
history of smoking or deep brain stimulation.
Baseline swallowing information was obtained during
an initial researcher–participant interview. The participant
reported daily coughing with mixed consistencies and daily
sensation of foods sticking in the throat beginning 2 years
prior to study enrollment. The participant subsequently
reported limiting his diet to soft and bite-sized consisten-
cies (International Dysphagia Diet Standardisation Initiative
[IDDSI] Level 6), which reduced the frequency and severity
of the sticking sensation. Previous instrumental assessments
of swallowing reportedly revealed “severe dysphagia” charac-
terized by moderate pharyngeal residue with thin liquids
(IDDSI Level 0), semisolids (IDDSI Level 4), soft solids
(IDDSI Level 6), and solids (IDDSI Level 7); intermittent
penetration to the vocal folds with semisolids and solids; and
frequent gross amounts of silent aspiration with thin liquids.
Baseline measures of cognitive function, bulbar
strength, and respiratory function were obtained during
the initial assessment visit. Cognition was assessed using
the Montréal Cognitive Assessment. This revealed a mild
cognitive impairment (22/30) with “delayed recall” as the
most affected cognitive domain (0/5; Marinus et al., 2011;
Nasreddine et al., 2005). Assessment of bulbar strength
revealed reduced maximal isometric tongue press (25 kPa),
right buccal dental compression (13 kPa), and interlabial
compression (17 kPa). Oral swallowing pressures (17.3 kPa),
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left buccal dental compression (20 kPa), and open mouth-
maximal isometric press strength (17.6 kgF) were within
normal limits when compared to age- and sex-based nor-
mative data (Clark & Solomon, 2012; Curtis, Langenstein,
et al., 2019).
Respiratory strength was assessed using a MicroRPM
respiratory manometer (CareFusion), which revealed within
normal limits of maximal expiratory pressure (146.3 cm H2O)
and maximal inspiratory pressure (63.6 cm H2O) when
compared to age- and sex-based norms (Neder et al., 1999).
Pulmonary testing was completed with spirometry by per-
forming three 1-min trials of tidal breathing and three trials
of forced vital capacity (FVC). Data were compared to age-
and sex-based norms. Pulmonary testing results revealed a re-
duced tidal breathing volume of 0.376 L/breath (Forster et al.,
1986), an increased tidal breathing rate of 19.2 breaths/min
(Tobin et al., 1983), and a tidal breathing range situated ab-
normally high within his vital capacity range, located be-
tween 47.3% and 57.9% of vital capacity. Spirometry also
revealed a reduced FVC of 2.73 L, forced expiratory vol-
ume in 1 s (FEV1) of 1.01 L, and FEV1/FVC of 37.02%
(Tobin et al., 1983).
Single-Subject Experimental Design Overview
A multiple-baseline ABACA single-subject experi-
mental design was performed in order to assess the effects
of RSCT and VCST on RSC, swallowing, and cough. Study
visits included (in chronological order) three baseline as-
sessments, four RSCT treatment sessions, one post-RSCT
assessment, four VCST treatment sessions, one post-VCST
assessment, and one retention assessment (see Figure 1).
All visits were completed while the participant was “on” his
PD medications. Average maximal expiratory pressures
(three trials) and average maximal inspiratory pressures
(three trials) were recorded at the beginning of each visit
and were used as control tasks throughout the study.
Probe measures were obtained at the beginning of each
assessment visit and treatment session and were used to
track changes to the specific skills being trained within each
treatment protocol. For RSCT, the probe included evalua-
tion of RSC during self-administered cup sips of water and
noncued saliva swallows (10 trials each). For VCST, the
probe included evaluation of cough PEFR during single
and sequential voluntary coughs (three trials each).
Transfer testing was performed during each assess-
ment visit and was used to assess the generalization of the
trained skill to similar but untrained tasks. For RSCT,
transfer testing included assessment of RSC during flexible
endoscopic evaluations of swallowing (FEES) while swal-
lowing 5 cc water (IDDSI 0, three trials), 10 cc water (three
trials), cup sips of water (three trials), 5 cc vanilla pudding
(IDDSI 4, three trials), dry saltine cracker (IDDSI 7, one
trial), and 90 cc water (one trial). For VCST, transfer testing
included evaluation of reflex cough PEFR following inha-
lation of 200 !M aerosolized capsaicin (three trials).
Data Collection and Outcome Measures
RSC
RSC was evaluated using simultaneous respiratory
inductive plethysmography, a nasal thermistor, submental
surface electromyography, and (for transfer assessments
only) FEES. All signals were input directly into a PowerLab
data acquisition system (PL3516 PowerLab 16/35, ADIn-
struments), digitized, and recorded at 2 kHz. LabChart data
analysis software (LabChart v8, ADInstruments) synchro-
nized all signals and stored them for analyses.
Four measures of RSC were obtained during the
probes and generalization tests: swallow apnea duration,
respiratory–swallow patterning, lung volume initiation, and
optimal RSC. “Swallow apnea duration” was measured
(in seconds) from the onset of respiratory apnea to the offset
of respiratory apnea. Swallow apnea duration was re-
corded during the first ingestion cycle of each trial (Dozier
et al., 2006).
“Respiratory–swallow patterning” was determined
by locating the onset and offset of swallow apnea and de-
termining if inhalation or exhalation was present immedi-
ately before swallow apnea onset and immediately after
Figure 1. Timeline overview of assessment visits and treatment sessions. RSCT = respiratory–swallow coordination training; VCST = voluntary
cough skill training.
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swallow apnea offset. The frequency of each of the four
respiratory–swallow patterns was identified: exhale–swallow–
exhale, inhale–swallow–exhale, exhale–swallow–inhale, and
inhale–swallow–inhale.
“Lung volume initiation” was recorded at the onset
of swallow apnea. Lung volume initiation was determined by
summing the rib cage and abdominal plethysmography sig-
nals at the onset of swallow apnea. A ratio of 2:1 was ap-
plied to weight the rib cage and abdominal signals (Banzett
et al., 1995). Lung volume initiation was then expressed as
a percentage of vital capacity (% VC) relative to the bot-
tom of expiratory reserve volume.
“Optimal RSC” was recorded as a binary variable
(present vs. absent) for each swallow. Optimal RSC was
defined as present if an exhale–swallow–exhale respiratory–
swallow pattern was initiated between 35% and 65% VC.
The proportion of swallows demonstrating optimal RSC
was used as the primary RSC outcome measure for the
probes and generalization tests.
Swallowing
The effect of RSCT on swallowing function was
assessed using FEES and patient-reported outcomes. FEES
equipment consisted of a 3.0-mm-diameter flexible distal
chip laryngoscope (ENT-5000, Cogentix Medical) and
video system with integrated LED light source LCD dis-
play (DPU-7000A, Cogentix Medical) with a recording rate
of 30 frames per second. The endoscope was passed trans-
nasally without the use of topical anesthetic or vasocon-
strictors. The distal end of the endoscope was positioned
within the oropharynx in order to visualize the pharynx,
larynx, and subglottis before, during, and after all swallows.
During FEES, the participant was presented with
14 standardized swallowing trials presented in randomized
order (described in the “Single-Subject Experimental De-
sign Overview”). Blue dyed water, green dyed water, and
barium water were used as contrast agents for the thin liquid
bolus trials throughout the FEES exam (Curtis, Perry, et al.,
2019). All bolus trials were self-administered with water
swallowing trials presented via cup and pudding trials via
teaspoon. Criterion for bailout was aspiration without the
ability to eject aspirate residue to a minimal or trace amount.
Measures of swallowing safety and efficiency were
recorded for each swallow. Swallowing safety was assessed
using the 8-point Penetration–Aspiration Scale (PAS;
Rosenbek et al., 1996), and swallowing efficiency was
assessed using the 5-point Yale Pharyngeal Residue Sever-
ity Rating Scale to rate vallecular and piriform residue
(Neubauer et al., 2015; see Table 1). Estimated Dynamic
Imaging Grade of Swallowing Toxicity (DIGEST) scores
were calculated for each FEES in order to characterize over-
all dysphagia severity (Hutcheson et al., 2017). DIGEST
scoring, which has been developed for use with videofluoro-
scopy, has not yet been validated for FEES. Accordingly,
DIGEST scores were “estimated” by using the vallecular,
piriform, and PAS ratings for each bolus trial. Estimated
DIGEST scores were used in order to provide a single
combined measure of swallowing safety and efficiency
and general swallowing function.
The Swallowing Quality of Life Questionnaire (SWAL-
QOL) was used as the patient-reported outcome measure
(McHorney, Bricker, Kramer, et al., 2000; McHorney, Bricker,
Robbins, et al., 2000; McHorney et al., 2002). Forty-four
questions separated into 10 subscales were assessed using
a Likert rating scale, with lower scores representing worse
swallowing-related quality of life. The SWAL-QOL was
completed during the first baseline assessment, the post-
RSCT assessment, the post-VCST assessment, and the re-
tention assessment.
Cough
The cough probe was completed by performing single
and sequential voluntary coughs into a respiratory cushion
face mask that was coupled to a handheld analogue peak
flow meter (Mini-Wright Analogue Peak Flow Meter; see
Figure 2). During the single voluntary coughs, the partici-
pant was instructed to “cough hard once.” During the se-
quential voluntary coughs, the participant was instructed
to “cough hard as if something went down the wrong pipe.”
A clinician model of a single voluntary cough and a three-
cough epoch was provided prior to each respective task.
The maximal cough PEFR (measured in liters per minute
from the peak flow meter) was recorded after each trial.
The average of three trials for each task was calculated
and used in for data analysis.
Reflex cough transfer testing was completed using a
face mask covering the nose and mouth, a pneumotacho-
graph and differential pressure transducer, a nebulizer,
and a dosimeter. This setup delivered 2-s aerosolized solu-
tions of 0 and 200 !M capsaicin (three trials each in a
randomized order) into the face mask immediately upon
inhalation. Prior to generalization testing, the participant
was given the instruction to “cough if you need to.” The
participant was provided with sips of water during a 1-min
rest period between each trial. Reflex cough airflow signals
were recorded directly to the PowerLab data acquisition
hardware system and LabChart data acquisition software
file (ADInstruments). The PEFR for the first cough of
each 200 !M cough epoch was recorded. The average
PEFR across the three trials was used in the final analysis.
Treatment Protocols
Principles of motor learning were integrated into the
treatment protocols and included the use of variable practice,
quasi-randomized practice, and augmented verbal feed-
back. Prescriptive knowledge of performance was given after
every five trials following practice sets that demonstrated
an accuracy of ! 80%. Prescriptive knowledge of performance
feedback with clinician modeling of the error made and the
correct target was given after every single trial following
sets that demonstrated an accuracy of < 80%. To control
for practice load, no home practice was formally prescribed,
though incorporation of the trained skills into activities of
daily living was encouraged.
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The goal of the RSCT was to increase the frequency
of optimal RSC (i.e., exhale–swallow–exhale initiated be-
tween 35% and 65% VC). The RSCT treatment sessions in-
cluded 14 sets of five swallowing trials. To facilitate variable
practice, optimal and suboptimal RSC trials were practiced.
During each optimal practice set, the participant alternated
between self-administered cup sips of water (3!) and non-
cued dry swallows (2!). During each suboptimal practice
set, the participant only practiced noncued dry saliva swal-
lows. Clinician feedback was given throughout the treatment
session.
Each RSCT treatment session was composed of two
parts: respiratory–swallow patterning (Sets 1–6) and lung
volume initiation (Sets 7–14). Three of the six sets in the
first part involved practicing the optimal exhale–swallow–
exhale pattern, while the remaining three sets involved
practicing suboptimal patterns. Similarly, four of the eight
lung volume practice sets involved swallowing in the mid
lung volume range, while the remaining four sets involved
swallowing in high or low lung volume ranges (see Table 2).
VCST
The goal of VCST was to increase voluntary cough
strength (PEFR). The VCST treatment sessions included
16 sets of five voluntary cough trials. The handheld cough
setup used during the cough probes was also used during
the VCST. To facilitate variable practice, the participant
practiced “strong” coughs (PEFR, ! 250 L/min), “medium–
strong” coughs (PEFR, 150–249 L/min), and “weak” coughs
(PEFR, 60–149 L/min). Clinician feedback was given through-
out the treatment session according to the guidelines de-
scribed above.
Figure 2. Picture of the analogue peak flow meter and face mask cough setup used during the voluntary cough skill training and the single
and sequential voluntary cough probes.
Table 1. Scales for measuring swallowing safety and efficiency.
Measure Score Description
Penetration–Aspiration Scale 1 Material does not enter the airway
2 Material enters the airway, remains above the vocal folds, and is ejected from the airway
3 Material enters the airway, remains above the vocal folds, and is not ejected from the airway
4 Material enters the airway, contacts the vocal folds, and is ejected from the airway
5 Material enters the airway, contacts the vocal folds, and is not ejected from the airway
6 Material enters the airway, passes below the vocal folds, and is ejected into the larynx or out of
the airway
7 Material enters the airway, passes below the vocal folds, and is not ejected out of the trachea
despite effort
8 Material enters the airway, passes below the vocal folds, and no effort is made to eject
Yale Pharyngeal Residue
Severity Rating Scale
1 None 0% No residue
2 Trace 1%–5% Trace coating of the mucosa
3 Mild 5%–25% Epiglottic ligament visible/up piriform wall a quarter full
4 Moderate 25%–50% Epiglottic ligament covered/up piriform wall half full
5 Severe > 50% Filled to epiglottic rim/filled up to the aryepiglottic fold
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Each VCST treatment session was composed of two
parts: single coughs (Sets 1–8) and sequential coughs (Sets 9–
16). For each part, four of the eight sets involved practic-
ing “strong” voluntary coughs, while the remaining four
sets involved practicing either “medium–strong” or “weak”
voluntary coughs (see Table 2).
Data Analyses
Reliability
All data were de-identified and blindly analyzed by one
primary rater. Twenty percent of the RSC and cough data
were repeated for blinded analysis by the primary rater as
well as a secondary rater to examine intra- and interrater
reliability. FEES videos were blindly analyzed by an expert
consensus panel of two raters, with 20% of the data repeated
for analysis 1 week later to examine for intrapanel reliabil-
ity. Weighted kappas (!W) with linear weights were used
to calculate intra- and interrater reliability for respiratory–
swallow patterning, PAS, residue, and intraclass correlation
coefficients were used to calculate reliability for lung volume
initiation, swallow apnea duration, and reflex cough PEFR.
Statistical Analyses
Descriptive statistics were calculated using SPSS
25.0 and included means, ranges, standard deviations, and
coefficients of variations for all continuous variables, and
frequencies and coefficients of unalikeability for all non-
continuous variables. Significance testing and effect size
calculations were performed using (a) the proportion of
swallows demonstrating optimal RSC during the probes
and generalization tests; (b) PAS, vallecular residue, piriform
residue, and DIGEST scores; and (c) PEFR during the
probes and generalization tests.
Baseline corrected tau (Tarlow, 2017) was used to
control for positive baseline phase trends and determine if
statistically significant changes were present in the control
tasks and probe measures. For significance testing, the pre-
RSCT probes (Visits 1–3) were compared to the probes af-
ter RSCT was introduced (Visits 4–12). Additionally, the
pre-VCST probes (Visits 1–8) were compared to the probes
after the VCST was introduced (Visits 9–12). A p value of
< .05 was used as the level of statistical significance.
Busk and Serlin’s (1992) d standard mean difference
was used to calculate effect sizes. For the RSC probe effect
sizes, the pre-RSCT probes (Visits 1–3) were compared to
post-RSCT probes (Visits 7–12) as well as to the retention
assessment probe (Visit 13). For RSC generalization testing
and swallowing function effect sizes, the three baseline as-
sessments were compared to the post-RSCT assessment as
well as to the retention assessment. For the cough probe ef-
fect sizes, the pre-VCST probes (Visits 1–8) were compared
to the post-VCST probe (Visit 12). For reflex cough effect
sizes, the three baseline assessments were compared to the
post-VCST assessment as well as to the retention assessment.
Large effect sizes were interpreted as a d ! 1.1.
Results
Reliability of outcome measures ranged from “good”
to “excellent” (Altman, 1991; Koo & Li, 2016; see Table 3).
Maximal expiratory pressures did not change across the
study protocol (p = .269). However, there was a significant
decrease in maximal inspiratory pressures from 64 to 60 cm
H2O (p = .022).
RSC
Descriptive analyses revealed an increase in the fre-
quency of exhale–swallow–exhale respiratory–swallow pat-
terns, a decrease in lung volume initiation, and a decrease
in swallow apnea duration following completion of RSCT
(see Table 4). A decrease in the variability of respiratory–
swallow patterning, lung volume initiation, and swallow
apnea duration was also observed. Additionally, there was
a significant increase in the proportion of swallows demon-
strating optimal RSC during the RSC probes following
RSCT (p = .040; see Figure 3). This increase represented
a large effect of RSCT on optimal RSC during the probes
Table 2. Practice schedule outline.
Respiratory–swallow coordination training









Part II: Lung volume initiation
Mid lung volume (35%–65% VC) with
exhale–swallow–exhale
Set 7




sessionMid lung volume (35%–65% VC) with
exhale–swallow–exhale
Low lung volume (< 35% VC)
Low lung volume (< 35% VC)
High lung volume (> 65% VC)
High lung volume (> 65% VC)
Mid lung volume (35%–65% VC) with
exhale–swallow–exhale
Set 14
Voluntary cough skill training
Part I: Single voluntary coughs
Strong cough (! 250 L/min) Set 1
Strong cough (! 250 L/min) Sets 2–7
randomized each
session
Strong cough (! 250 L/min)
Medium–strong cough (150–250 L/min)
Medium–strong cough (150–250 L/min)
Weak cough (60–150 L/min)
Weak cough (60–150 L/min)
Strong cough (! 250 L/min) Set 8
Part II: Sequential voluntary coughs
Strong cough (! 250 L/min) Set 9
Strong cough (! 250 L/min) Sets 10–15
randomized each
session
Strong cough (! 250 L/min)
Medium–strong cough (150–250 L/min)
Medium–strong cough (150–250 L/min)
Weak cough (60–150 L/min)
Weak cough (60–150 L/min)
Strong cough (! 250 L/min) Set 16
Note. % VC = percentage of vital capacity.
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immediately post-RSCT (d = 9.17) and during the retention
assessment 2 months later (d = 8.73). There was also a large
increase in the proportion of optimal RSC swallows during
generalization testing immediately post-RSCT (d = 4.36)
and during the retention assessment 2 months later (d = 3.71;
see Table 5 and Figure 4).
Swallowing
Frequency distribution for PAS and residue scores are
outlined in Table 6, and SWAL-QOL scores are outlined in
Table 7. Descriptive analyses revealed improvements in
PAS, vallecular residue, piriform residue, DIGEST, and
SWAL-QOL scores following completion of RSCT. A large
improvement in overall swallowing function was observed
following RSCT, which improved from “severe” dysphagia
at pre-RSCT to “moderate” dysphagia post-RSCT (d = 1.83).
Additionally, there were large improvements in PAS (d =
12.88), vallecular residue (d = 1.76), and piriform residue
(d = 4.15) seen immediately post-RSCT. These improvements
were maintained during the retention assessment 2 months
Table 3. Intra- and interrater reliability.
Measure Intrarater 95% CI Classification p Interrater 95% CI Classification p
RSP ! = 0.870 [0.732, 1.008] Excellent p < .0005 ! = 0.625 [0.429, 0.776] Good p < .0005
LVSI ICC = .919 [.876, .947] Excellent p < .0005 ICC = .884 [.817, .925] Good p < .0005
SAD ICC = .926 [.887, .952] Excellent p < .0005 ICC = .848 [.714, .912] Good p < .0005
PEFR ICC = 1.00 [1.00, 1.00] Excellent p < .0005 ICC = 1.00 [1.00, 1.00] Excellent p < .0005
PAS ! = 0.957 [0.894, 1.021] Excellent p < .0005
Vallecular residue ! = 0.755 [0.517, 0.992] Good p = . 005
Piriform residue ! = 0.806 [0.448, 1.164] Excellent p = .003
Note. CI = confidence interval; RSP = respiratory–swallow patterning; LVSI = lung volume at swallowing initiation; ICC = intraclass correlation
coefficient; SAD = swallow apnea duration; PEFR = peak expiratory flow rate; PAS = Penetration–Aspiration Scale score.
Table 4. Outcome measures.
RSC measure
Baseline assessments Post-RSCT assessment Maintenance assessment
Probe Generalization Probe Generalization Probe Generalization
Optimal RSP (%) 23.3 18.0 90.0 69.2 90.0 61.5
RSP (%)
Ex-Ex 23.4 28.2 100.0 84.6 90.0 84.6
In-Ex 66.6 71.8 0.0 15.4 10.0 7.7
Ex-In 3.4 0.0 0.0 0.0 0.0 7.7
In-In 6.6 0.0 0.0 0.0 0.0 0.0
CoV (%) 50.3 41.5 0.0 28.2 18.9 29.4
LVSI (% VC)
M ± SD 66.0 ± 12.3 67.5 ± 10.0 57.5 ± 5.2 62.7 ± 8.3 57.4 ± 4.1 59.4 ± 7.0
Min–Max 44.7–99.3 53.6–95.4 50.1–75.5 54.6–83.5 50.5–63.6 47.9–73.4
CoV (%) 18.7 14.8 9.2 13.3 7.1 11.8
SAD (s)
M ± SD 3.17 ± 2.29 5.58 ± 2.58 2.13 ± 1.57 3.60 ± 2.53 1.79 ± 0.90 4.97 ± 3.11
Min–Max 0.79–9.30 1.37–11.68 0.90–7.88 1.16–8.70 0.65–4.10 2.20–12.70


































M ± SD 192.3 ± 16.5 135.2 ± 25.6 100.3 ± 9.3 236.6 ± 5.7 256.7 ± 20.8 149.0 ± 34.3 203.3 ± 15.3 176.7 ± 11.5 115.6
Min–Max 130.0–250.0 80.0–230.0 75.2–133.3 230.0–240.0 240.0–280.0 124.8–173.3 190.0–220.0 170.0–190.0
CoV (%) 8.6 19.0 9.2 2.4 8.1 23.0 7.5 6.5
Note. Calculations for SD, Min–Max, and CoV were not made for reflex cough for the maintenance assessment since reflex cough was only
elicited in one of the three trials. RSC = respiratory–swallow coordination; RSCT = respiratory–swallow coordination training; RSP = respiratory–
swallow patterning; Ex = exhale; In = inhale; CoV = coefficient of variation; LVSI = lung volume at swallowing initiation; Min = minimum; Max =
maximum; % VC = percentage of vital capacity; SAD = swallow apnea duration; VCST = voluntary cough skill training; PEFR = peak expiratory
flow rate.
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Figure 3. Changes in the frequency of optimal respiratory–swallow coordination (RSC), mean single and sequential voluntary cough peak
expiratory flow rate (PEFR), and control tasks during the probes across all assessment and treatment visits. RSCT = respiratory–swallow
coordination training; VCST = voluntary cough skill training; MEP = maximal expiratory pressure; MIP = maximal inspiratory pressure.
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later for PAS (d = 8.29), vallecular residue (d = 1.45), and
piriform residue (d = 4.15; see Table 5 and Figure 5).
Cough
Descriptive analyses demonstrated increases in PEFR
for single voluntary cough, sequential voluntary cough,
and reflex cough following completion of VCST. There
was a decrease in PEFR variability post-VCST for single
and sequential voluntary cough probes, but not for the re-
flex cough generalization tests (see Table 4). There was
also a significant increase in single voluntary cough PEFR
(p = .008) and sequential voluntary cough PEFR (p = .029)
following VCST (see Figure 3). These changes represented
a large increase in the single (d = 4.30) and sequential
(d = 3.28) voluntary cough probes, which were maintained
2 months later for the sequential voluntary cough (d = 1.12)
only. There was also a large increase in the reflex cough
PEFR immediately post-VCST assessment (d = 5.58) and
during the retention assessment 2 months later (d = 1.60;
see Table 5 and Figure 4).
Discussion
PD is a neurodegenerative disease with its pathologi-
cal hallmark characterized by cell loss within the substantial
nigra, frequently leading to tremor, rigidity, bradykinesia,
and hypokinesia of the axial and appendicular structures
(Davie, 2008). Skill-based treatments are thought to have
the potential to improve cough and swallowing in people
with PD. This is because the underlying pathophysiology
of cough and swallowing dysfunction in PD is thought to
be primarily related to alterations in neuromotor control
and coordination, rather than peripheral muscle weakness
(Huckabee & Lamvik-Gozdzikowska, 2018; Mazzoni et al.,
2012; Suttrup & Warnecke, 2016). This single-subject study
assessed the effects of two skill-based treatments intended
to improve cough and swallowing function in a person
with midstage PD, moderate–severe motor impairments,
abnormal respiratory function, and mild cognitive impair-
ment. Four sessions of RSCT resulted in robust improvements
to RSC, swallowing safety, and swallowing efficiency, and
four sessions of VCST elicited significant improvements in
reflex and voluntary cough strength. Furthermore, the gains
in RSC, swallowing, and cough seen after the RSCT and
VCST treatments were maintained 2 months following
completion of the therapy protocol.
While recent research has demonstrated that RSC can
be immediately altered with verbal cueing (Curtis & Troche,
2019), this is the first study to demonstrate that RSCT is
possible in PD and can result in long-term improvements
in RSC. The participant in this study was recruited for par-
ticipation in RSCT because of the low proportion of opti-
mal RSC swallows observed at baseline. While healthy
adults demonstrate optimal RSC for 70%–100% of swallows
(Dozier et al., 2006; Hiss et al., 2001; Hopkins-Rossabi
et al., 2019; Klahn & Perlman, 1999; Kumar & Bhat, 2012;
Martin-Harris et al., 2005, 2003; Perlman et al., 2000;
Preiksaitis & Mills, 1996; Wheeler Hegland et al., 2009),
this participant performed optimal RSC for only 18%–
23% of his baseline swallows. Despite being moderately ad-
vanced in his PD presentation, four sessions of RSCT were
found to elicit an increased frequency of optimal RSC,
decreased variability in RSC behaviors, retention of RSC
skills over a 2-month period of no training, and transfer of
optimal RSC to similar but untrained swallowing conditions.
These findings demonstrate that, despite the high preva-
lence of impaired motor learning in PD (Olson et al., 2019;
Solomon & Hixon, 1993), RSC motor learning and skill
training is possible and may be a promising new rehabilita-
tion approach for people with PD.
Acquisition of optimal RSC was initially slow, in-
creasing incrementally from 25% to 50% to 60% across the
first three training sessions. However, during the fourth
session, a large increase in performance accuracy was ob-
served from 60% to 95%. This nonlinear accelerated learn-
ing curve was likely due to the implementation of variable













Probe tau = .676, p = .040 9.17 8.73
Generalization test 4.36 3.71
Swallowing function
Penetration–aspiration 12.88 8.29
Vallecular residue 1.76 1.45
Piriform residue 4.15 4.15
DIGEST 1.83 1.83
Cough strength
Probe: single cough tau = .702, p = .008 4.30 1.07
Probe: sequential cough tau = .696, p = .008 3.28 1.12
Generalization test: reflex cough 5.58 1.60
Note. SMD = standard mean difference; DIGEST = Dynamic Imaging Grade of Swallowing Toxicity.
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practice. In healthy adults, variable practice typically re-
sults in initially slower skill acquisition due to the introduc-
tion of contextual interference (Magill & Hall, 1990; Shea
et al., 1990). However, like other practice conditions that
facilitate contextual interference, variable practice has been
repeatedly found to elicit greater accuracy and consistency,
longer retention, and superior transfer/generalization of
the trained skills (Hall & Magill, 1995; Magill & Anderson,
2017; Magill & Hall, 1990; Shoenfelt et al., 2002). These
findings of initially slow skill acquisition but eventually large
improvements in RSC accuracy, consistency, retention, and
transfer support the notion that variable practice can be
an effective training condition used to enhance RSCT motor
learning outcomes in people with PD. Additional research
comparing variable and constant practice for swallowing
skill training in PD is warranted.
In addition to examining if the participant could
learn to more accurately and consistently perform optimal
RSC, this study was the first to assess the effects of RSCT
on swallowing safety and efficiency in an individual with
PD. Martin-Harris and colleagues studied the effects of
RSC skill training on swallowing in a cohort of dysphagic
adults with head and neck cancer. They found significant
improvements in RSC, soft palate elevation, laryngeal
Figure 4. Changes in the frequency of optimal respiratory–swallow coordination (RSC), mean reflex cough peak expiratory flow rate (PEFR),
and control tasks during the generalization tests across the baseline assessments (1–3), the post-RSCT assessment (4), the post-VCST
assessment (5), and the maintenance assessment (6). RSCT = respiratory–swallow coordination training; VCST = voluntary cough skill training;
MEP = maximal expiratory pressure; MIP = maximal inspiratory pressure.
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vestibule closure, base of tongue retraction, swallowing
safety (lower PAS), swallowing efficiency (less residue), and
swallowing-related quality of life following four to eight
sessions of RSCT with biofeedback (Martin-Harris et al.,
2015). Similarly, the results from this study revealed clini-
cally significant improvements in swallowing safety (lower
PAS), swallowing efficiency (lower residue scores), over-
all swallowing function (lower DIGEST), and improved
swallowing-related quality of life in this individual with PD
following four sessions of RSCT without biofeedback. The
findings from these studies support the notion that sub-
optimal RSC contributes to the development of dysphagia
and the presence of aspiration. These findings also contrib-
ute to a growing body of literature identifying that RSCT
may be an effective treatment approach to rehabilitate
dysphagia; however, additional research studying RSCT in
a larger cohort of people with PD is needed in order to more
accurately generalize the current findings.
While improving swallow function is an important
rehabilitative target when working with an individual with
Table 6. Frequency distribution and raw sums of each swallowing outcome measure by assessment visit.
Penetration–Aspiration Scale (PAS) scores
Assessment PAS 1 PAS 2 PAS 3 PAS 4 PAS 5 PAS 6 PAS 7 PAS 8
Baseline 1 0.0% 7.1% 7.1% 0.0% 28.6% 0.0% 0.0% 57.1%
Baseline 2 0.0% 7.1% 7.1% 0.0% 28.6% 0.0% 14.3% 42.9%
Baseline 3 7.1% 7.1% 14.3% 0.0% 14.3% 0.0% 0.0% 57.1%
Post-RSCT 14.3% 50.0% 0.0% 0.0% 21.4% 0.0% 7.6% 14.3%
Post-VCST 28.6% 7.1% 0.0% 14.3% 21.4% 0.0% 7.1% 21.4%
Maintenance 14.3% 0.0% 21.4% 7.1% 42.9% 0.0% 0.0% 14.3%
Vallecular residue scores
Assessment 1 (None) 2 (Trace) 3 (Mild) 4 (Moderate) 5 (Severe)
Baseline 1 0.0% 64.3% 14.3% 14.3% 7.1%
Baseline 2 0.0% 50.0% 42.9% 7.1% 0.0%
Baseline 3 0.0% 78.6% 21.4% 0.0% 0.0%
Post-RSCT 7.1% 78.6% 14.3% 0.0% 0.0%
Post-VCST 7.1% 35.7% 57.1% 0.0% 0.0%
Maintenance 7.1% 71.4% 21.4% 0.0% 0.0%
Piriform residue scores
Assessment 1 (None) 2 (Trace) 3 (Mild) 4 (Moderate) 5 (Severe)
Baseline 1 14.3% 57.1% 28.6% 0.0% 0.0%
Baseline 2 0.0% 64.3% 35.7% 0.0% 0.0%
Baseline 3 0.0% 85.7% 7.1% 7.1% 0.0%
Post-RSCT 28.6% 64.3% 7.1% 0.0% 0.0%
Post-VCST 21.4% 42.8% 35.7% 0.0% 0.0%
Maintenance 28.6% 64.3% 7.1% 0.0% 0.0%
Note. RSCT = respiratory–swallow coordination training; VCST = voluntary cough skill training.
Table 7. Swallowing Quality of Life Questionnaire (SWAL-QOL) scores across visits.
SWAL-QOL Baseline Assessment 1 Post-RSCT assessment Post-VCST assessment Maintenance assessment
Total score 39.3 42.9 51.8 57.1
Subscales
Burden 50.0 62.5 75.0 75.0
Eating Desire 100.0 100.0 100.0 100.0
Eating Duration 37.5 75.0 62.5 50.0
Food Selection 75.0 100.0 75.0 87.5
Communication 25.0 50.0 50.0 62.5
Fear 43.8 50.0 50.0 75.0
Mental Health 60.0 90.0 100.0 95.0
Social 70.0 100.0 75.0 100.0
Fatigue 66.7 83.3 91.7 91.7
Sleep 50.0 75.0 75.0 100
Note. RSCT = respiratory–swallow coordination training; VCST = voluntary cough skill training.
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dysphagia, improving cough function is equally important.
Earlier studies have demonstrated that reflex and voluntary
coughs can be volitionally up- and downregulated in
healthy adults and people with PD (Brandimore et al., 2017;
Wheeler Hegland et al., 2012). While these studies demon-
strate that cough strength can be immediately increased, no
study has evaluated the long-term effects of cough training
on reflex and voluntary cough strength. The current study
begins to address this research gap by reporting the effects
of VCST on increasing cough strength in a person with PD.
While less gains were made for single voluntary cough,
due in large part to the strong baseline performance, large
improvements in reflex and sequential voluntary cough
strength were appreciated. These findings are clinically sig-
nificant given that sequential voluntary cough is especially
important for removing aspirate material from the larger
and smaller diameter airways, and both reflex and sequen-
tial cough are more impaired in dysphagic people when
compared to nondysphagic people (Fontana et al., 1998;
Wheeler Hegland, Okun, et al., 2014).
Several considerations need to be made when inter-
preting the present findings. First, the participant in this
study presented with moderately severe disease progression
(per the Hoehn and Yahr Stage), moderately impaired mo-
tor symptomology (per the Unified Parkinson’s Disease
Rating Scale), and severely impaired cough and swallowing
function. Because of the severity of his baseline presenta-
tion, the potential for large therapeutic gains was possible.
Therefore, the generalizability of the findings to less severe
patients is unknown. Second, because single-subject treatment
studies require a stable baseline in outcome measures, popu-
larly used effect sizes such as Cohen’s d can often become
Figure 5. Changes in the total Penetration–Aspiration Scale (PAS) scores, total vallecular and piriform residue scores, Dynamic Imaging
Grade of Swallowing Toxicity (DIGEST) scores, and control tasks during the flexible endoscopic evaluations of swallowing across the baseline
assessments (1–3), the post-RSCT assessment (4), the post-VCST assessment (5), and the maintenance assessment (6). RSCT = respiratory–
swallow coordination training; VCST = voluntary cough skill training; MEP = maximal expiratory pressure; MIP = maximal inspiratory pressure.
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artificially inflated. Therefore, caution should be made when
comparing the effect sizes from single-subject treatment
studies, such is the case with this study, to larger cohort
treatment studies. In order to account for this and to assist
in valid data interpretation, two measures of effect sizes were
provided in this study: baseline corrected tau and Busk
and Serlin’s standard mean difference d. Additionally, raw
data were made available so that results can be indepen-
dently analyzed and used for future study comparisons
and reviews.
Conclusions
This single-subject treatment study highlights the
potential for RSCT and VCST to improve RSC, swallow-
ing, and cough strength in PD. These treatments, while
still in the preliminary stages of development, demonstrate
efficacy at improving airway protection and can be easily
implemented into clinical practice. While the results from
this study demonstrate promise for airway protection reha-
bilitation, next steps for future research should include in-
vestigating the effects of RSCT and VCST separately and
using study designs involving larger PD cohorts.
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Purpose: The primary aim of this study was to examine the effects of respiratory-swallow 
training (RST) on functional swallowing outcomes and the acquisition of the optimal exhale-
swallow-exhale pattern in PD. As an exploratory aim, we compared the effects of variable 
practice vs. constant practice training conditions on swallowing and motor learning outcomes.    
 
Method: People with PD were prospectively recruited to undergo a delayed baseline assessment, 
an immediate pre-RST assessment, four once-weekly sessions of RST, an immediate post-RSCT 
assessment, and a 1-month follow up assessment. Participants were randomized into either a 
variable practice group or constant practice group. Respiratory-swallow coordination was 
assessed using simultaneous inductive plethysmography, nasal airflow monitoring, and 
submental surface electromyography. Swallowing function was assessed using flexible 
laryngoscopy. Outcomes included the proportion of swallows exhibiting the exhale-swallow-
exhale pattern, average respiratory pause duration, average lung volume initiation, and the 
proportion of swallows exhibiting penetration-aspiration and residue within the valleculae, 
piriforms, laryngeal vestibule, vocal folds, and subglottis. 
 
Results: There were no changes in outcomes were observed during the delayed intervention 
control phase of this study. Large, significant improvements in the accuracy and consistency of 
the optimal exhale-swallow-exhale pattern were observed following completion of four sessions 
of RST. There were also large, significant post-RST decreases in the frequency of penetration-




No differences in outcome measures were identified between the variable practice and constant 
practice groups. 
 
Conclusions: RST appears to be an efficacious skill-based treatment for people with PD and 
dysphagia. In this cohort, four sessions of RST led to robust improvements in respiratory-
swallow coordination and in pharyngeal residue, penetration, and aspiration. Future research 
should compare the effects of RST on swallowing to other established dysphagia interventions. 
 
Key Words: Respiratory-swallow coordination (RSC); Respiratory-swallow training (RST); 


















Parkinson's disease (PD) is a highly prevalent neurodegenerative disorder affecting one in 
every 100 adults over the age of 65 in the United States (Kaplin et al., 2007; Wirdefeldt, Adami, 
Cole, Trichopoulos, & Mandel, 2011). The pathologic hallmark of PD is degeneration of 
dopaminergic neurons within the basal ganglia and motor control circuitry (Davie, 2008). The 
basal ganglia involve a distinct group of subcortical nuclei critical for motor control, motor 
learning, habit formation, somatosensory processing, and cognitive function (Doyon et al., 2009; 
Obeso et al., 2008). While PD is classically defined by degeneration of the basal ganglia, 
widespread neurologic changes beyond the basal ganglia are also frequently present in this 
patient population. Of note, neural degeneration in PD is observed in the hippocampus, temporal 
and cingulate cortices, hypothalamus, medullary tegmentum, pontine tegmentum, and pontine 
nuclei (Dickson, 2012). These neurologic structures are important for normal functioning of 
swallowing (Jean, 1984), breathing (Alheid, Milsom, & McCrimmon, 2004; Horn & Waldrop, 
1998), and motor learning (Den Ouden, Daunizeau, Roiser, Friston, & Stephan, 2010; 
Kratochwil, Maheshwari, & Rijli, 2017).  
Cardinal symptoms of PD include bradykinesia, hypokinesia, muscle rigidity, and tremor. 
These symptoms affect axial and appendicular structures and can result in changes to the 
respiratory, pharyngeal, laryngeal, and aerodigestive systems (Davie, 2008). These detrimental 
alterations to various neural and musculoskeletal systems negatively affect many life-sustaining 
behaviors including breathing and swallowing. Impairments in these behaviors can have 
profound effects on the health and quality of life of people with PD (Kalf, De Swart, Bloem, & 





Breathing and swallowing must be skillfully coordinated with one another to prevent 
aspiration of foods and liquids into the lungs during swallowing. In healthy adults, respiratory-
swallow coordination (RSC) is most frequently characterized by an exhale-swallow-exhale 
pattern, initiated within the mid-lung volume range, resulting in respiratory pause of 
approximately 0.5-1.5 seconds (Drulia, 2016; Hopkins-Rossabi, Curtis, Temenak, Miller, & 
Martin-Harris, 2019; Kumar & Bhat, 2012; D. H. McFarland et al., 2016; K. Wheeler Hegland, 
Huber, Pitts, Davenport, & Sapienza, 2011; K. M. Wheeler Hegland, Huber, Pitts, & Sapienza, 
2009). These patterns in RSC are thought to facilitate physiologic advantages important for safe 
and efficient swallowing, including enhanced laryngeal elevation, vocal fold closure, opening of 
the upper and lower esophageal sphincters, and generation of deglutitive subglottic pressure 
(Gross, 2014; David H. McFarland, Harris, & Fortin, 2018). When compared to healthy adults, 
people with PD tend to inhale more frequently before and after swallowing, have longer periods 
of respiratory apnea, and initiate swallows at lower lung volumes (Curtis & Troche, 2020; Gross 
et al., 2008; Pinnington, Muhiddin, Ellis, & Playford, 2000; C. M. Wang, Shieh, Weng, Hsu, & 
Wu, 2017). These patterns in suboptimal occur at disproportionately higher rates in disordered 
populations and in people with dysphagia (Butler, Stuart, Pressman, Poage, & Roche, 2007; 
Melciades Barbosa Costa & Maria de Oliveira Lemme, 2010; Nilsson, Ekberg, Bülow, & 
Hindfelt, 1997; Yagi, Nagami, et al., 2017; Yagi, Oku, et al., 2017). In PD specifically, longer 
respiratory pauses and swallows initiated during inhalation are associated with aspiration 
(Troche, Huebner, Rosenbek, Okun, & Sapienza, 2011). Similarly, it has been recently identified 
that lower lung volume initiation during swallowing ins PD is associated with greater amounts of 
pharyngeal residue, and that nonexhale-swallow-exhale patterns and longer respiratory pauses 




Emerging research is beginning to demonstrate that optimal RSC can be rehabilitated 
through respiratory-swallow training (RST). RST is a goal-directed skill-based therapy intended 
to improve the accuracy and consistency in performing optimal RSC. RST has been found to 
significantly enhance measures of swallowing physiology, swallowing safety 
(penetration/aspiration), and swallowing efficiency (pharyngeal residue). Martin-Harris and 
colleagues were the first to examine the effects of RST in chronically dysphagic people with 
head and neck cancer. In this 2015 study, RST involved 1-hour treatment sessions completed 
twice weekly over the course of 2-4 consecutive weeks. The goal of this RST protocol was to 
train the exhale-swallow-exhale pattern initiated specifically within the mid-to-low tidal 
breathing lung volume range. To facilitate the acquisition of this motor skill, the participants 
relied on constant practice conditions augmented by real-time visual biofeedback of nasal airflow 
and movements of the rib cage and abdomen. This RST protocol comprised of 21 hierarchical 
therapy goals spread across three learning phases: identification, acquisition (performance), and 
mastery. Results from this study revealed that patients with head and neck cancer, suboptimal 
RSC, and chronic dysphagia could successfully learn to more frequently perform the optimal 
exhale-swallow-exhale pattern initiated within the mid-to-low lung volume range following four 
to eight sessions of RST. In addition to identifying that training optimal RSC was feasible, post-
therapy improvements in swallowing function were also noted. Specifically, this cohort of head 
and neck cancer patients demonstrated significant improvements in laryngeal vestibule closure, 
tongue base retraction, swallowing safety, and swallowing efficiency (Martin-Harris et al., 
2015).  
Similar evidence suggests that RST may be feasible in PD and may similarly lead to 




has been found to elicit immediate changes to RSC in people with PD, demonstrating that 
respiratory-swallow coordination is malleable and potentially trainable (Curtis & Troche, 2020). 
Second, a recently published single-subject treatment study found that four sessions of RST 
resulted in substantial improvements to swallowing safety, efficiency, and swallowing-related 
quality of life in a person with mid-stage PD and severe dysphagia. These improvements were 
maintained two-months following completion of the RST protocol, demonstrating that RST is 
both feasible and may have long-term training benefits in PD (Curtis, Dakin, & Troche, 2020).  
Identifying how best to facilitate RST is critical for enhancing swallowing rehabilitation 
and motor learning treatment outcomes for people with PD. In neurologically healthy adults, 
practice conditions involving high contextual interference (i.e., the disruption to memory and 
performance that results from performing multiple skills or variations of a skill within the 
context of practice) tend to enhance accuracy, consistency, generalization, and long-term 
retention of the trained motor skills (Shea, Kohl, & Indermill, 1990; Soderstrom & Bjork, 2015). 
Contextual interference can be decreased or increased by a variety of factors including the use of 
constant practice (low contextual interference) and variable practice (high contextual 
interference). For example, if attempting to learn basketball free throwing, constant practice 
would mandate practicing the free throws only at the free throw line, while variable practice 
would additionally mandate practicing free throws in front of, behind of, to the left of, and to the 
right of the free throw line. Because higher contextual interference is typically associated with 
greater long-term retention, generalization, accuracy, and consistency compared to lower 
contextual interference, variable practice conditions are often regarded as the more optimal 
approach to skill training (Blandin, Proteau, & Alain, 1994; Magill & Anderson, 2017; Magill & 




Contextual interference is thought to enhance implicit motor learning through its 
facilitation of problem solving and error processing (Boutin & Blandin, 2010; Broadbent, 
Causer, Mark Williams, & Ford, 2017). These processes rely on several key neurocognitive 
functions including memory, attention, executive function, feedback processing, and feedforward 
planning (Hester, Foxe, Molholm, Shpaner, & Garavan, 2005). For healthy adults with intact 
neural functioning, contextual interference has been found to enhance motor learning outcomes 
of novel tasks and of previously acquired motor skills. Cognitive abnormalities in memory, 
attention, executive function, habit formation, and error processing are also common in PD – 
present even during the early stages of the disease process (Beste, Willemssen, Saft, & 
Falkenstein, 2009; Cameron et al., 2012; Cooper, Sagar, Jordan, Harvey, & Sullivan, 1991; 
Moustafa et al., 2016; Packard & Knowlton, 2002; Schönberger et al., 2013; Taylor, Saint-Cyr, 
& Lang, 1990; Y. X. Wang et al., 2017). These changes in cognitive functioning negatively 
impact the ability to learn new motor skills and modulate previously acquired motor behaviors 
(Gan et al., 2017; Moustafa et al., 2016; Schönberger et al., 2013; Taylor et al., 1990; Wulf, 
Chiviacowsky, & Drews, 2015). Additionally, motivational and affective disorders (e.g., apathy, 
depression) are also highly prevalent in PD (Drui et al., 2014; Pedersen, Larsen, Alves, & 
Aarsland, 2009; Poewe, 2008; Yamamoto, 2001) which have the potential to negatively affect 
skill training and motor learning outcomes (Lemos, Wulf, Lewthwaite, & Chiviacowsky, 2017; 
Wulf, Chiviacowsky, & Cardozo, 2014; Wulf et al., 2015; Wulf & Lewthwaite, 2016). Because 
of this, principles of motor learning that apply to neurologically healthy adults may not apply to 
people with PD.  
Evidence supporting the role of RST as an efficacious treatment for swallowing 




primary aims of this study were to examine the effects of RST on functional swallowing 
outcomes, patient reported swallowing outcomes, and the acquisition of the optimal exhale-
swallow-exhale respiratory phase pattern in PD. We hypothesized that four once-weekly sessions 
of RST would result in more frequent and consistent exhale-swallow-exhales, shorter and more 
consistent respiratory pauses, higher and more consistent lung volumes during swallowing, 
improvements in patient reported swallowing outcomes, and significant reductions in residue, 
penetration, and aspiration.  
No studies have examined the effects of variable practice on swallowing treatments in 
PD. Determining the effect of variable practice on RST is critical during the preliminary stages 
of developing an RST protocol specific for people with PD and motor learning impairments. 
Therefore, as an exploratory aim we sought to compare the effects of variable vs. constant 
practice training conditions on RST treatment outcomes. We hypothesized that people 
completing RST using a variable practice approach would exhibit greater retention and 
generalization of treatment outcomes compared to people who completed RST using a constant 
practice approach.  
 
METHOD 
The Teachers College, Columbia University Institutional Review Board approved this 
study (IRB Protocol#: 19-469). This study was conducted in accordance with the amended 
Declaration of Helsinki, and all participants provided written and verbal consent prior to 







People with a diagnosis of idiopathic PD were prospectively recruited for study 
participation. Additional inclusion criteria were: (1) not actively receiving any respiratory- or 
swallowing-based therapy; (2) demonstration of the exhale-swallow-exhale pattern in <75% of 
swallows; (3) identification of dysphagia during a flexible endoscopic evaluation of swallowing 
(FEES), as indicated by a maximum Penetration-Aspiration Scale (PAS) score of ≥3; and (4) 
cognitive functioning sufficient to follow directions and participate in therapy. Exclusion criteria 
included: (1) any neurologic disease other than PD; (2) a history of cancer of the head, neck, or 
lungs; or (3) history of aspiration pneumonia within the last three months. Demographic and 
neurologic information was collected from each participant, including age, sex, height, weight, 
body mass index, Hoehn & Yahr stage (HYS), Unified Parkinson’s Disease Rating Scale 
(UPDRS), and duration since PD diagnosis.  
 
Study Design 
 Recruited participants completed a delayed pre-therapy baseline assessment visit to 
determine research candidacy and to act as a control period of no intervention. Once enrolled, 
participants were randomized into either a constant practice group or a variable practice group. 
Participants then completed two additional pre-therapy assessment visits before proceeding on to 
the four once-weekly therapy visits, an immediate post-therapy assessment visit, and a 1-month 
follow up assessment (Figure 1). All participants who took PD-related medications arrived at 






Figure 1: Description and timeline of evaluation and therapy visits 
 
Evaluating and Treating Clinicians 
Five speech-language pathology graduate student clinicians led the evaluation and 
treatment sessions. In order to reduce bias and facilitate blinding, clinicians were randomly 
assigned to complete either the evaluation visits or the treatment visits for any given participant 
such that no clinician was involved in the same participant's evaluation and treatment. Evaluating 
clinicians were blinded to visit type (pre- vs. post-therapy assessment) and to the participants’ 
treatment allocation (constant practice group vs. variable practice group). Treating clinicians 
were blinded to the participants’ baseline respiratory-swallow coordination function and 
dysphagia severity status. The first author (J.A.C.) was present during all evaluation and 
treatment sessions to ensure accuracy of data collection methods but had no direct participant 
contact. Clinicians involved in the evaluations were trained by the first author to perform FEES. 
Treating clinicians were trained by the first author to accurately administer the RST protocol 
according to standardized treatment instructions.  
 
Respiratory-Swallow Training Protocol 
 The goal of RST was to learn to accurately and consistently perform the optimal exhale-




sessions. Similar to the “Identification Phase” integrated within the RST protocol by Martin-
Harris and colleagues (Martin-Harris et al., 2015), the first RST session of the current protocol 
consisted of 15-minutes of education and awareness building. Education included three 
components: (1) fundamentals of RSC (what is RSC and why it is important swallowing); (2) a 
general description of the participants’ current RSC behaviors; and (3) the goal of RST (to 
exhale-swallow-exhale and improve swallowing function). Awareness building also included 
three components: (1) exploration of ribcage and abdominal movements during normal 
inhalation and exhalation; (2) exploration the four different respiratory-phase patterns using a 
breath-hold maneuver; (3) exploration the four different respiratory-phase patterns using saliva 
swallows. Education and awareness building were completed in part to facilitate enhanced 
expectations, motivation, and patient autonomy– three elements of skill training important for 
optimal motor learning (Wulf & Lewthwaite, 2016). Clinician modeling and verbal feedback 
were provided throughout the awareness building phase to facilitate the accurate production of 
the last two awareness building tasks.  
The remainder of the RST training sessions involved sixty practice trials of the exhale-
swallow-exhale, organized into five repetitions per set, 12 sets per treatment session (Table 1). 
For the constant practice group, all twelve sets were completed using self-administered sips of 
water via cup. For the variable practice group, four of the sets were completed using self-
administered sips of water via cup, four of the sets were completed using self-administered sips 
of water via straw, and four of the sets were computed using self-administered sips of water via 
spoon. All twelve sets in the variable practice group were presented in a randomized order. The 
thinnest liquid consistency that exhibited a PAS ≤5 from the delayed baseline evaluation was 




The treating clinician sat directly across from the participant and provided instructions, 
prompts, and verbal feedback throughout each treatment session. The treating clinician examined 
the accuracy of the exhale-swallow-exhale practice trials using a visual-perceptual assessment of 
the participant's neck, ribcage, and abdominal movements. The first author was seated at the 
computer monitor analyzing the respiratory-swallow patterns in real-time to verify that the 
treating clinician’s judgments of accuracy were correct.  
Augmented verbal feedback was provided to the participants by the treating clinician. 
The frequency and type of feedback given was based on the type and frequency of errors 
exhibited by the participant (‘performance bandwidth’). Prescriptive feedback (i.e., description 
of what was incorrect and how to fix it) was given after every trial for the first set of each 
treatment session. From there, prescriptive feedback was given after every trial following sets 
with ≤60% accuracy. Descriptive feedback (i.e., description of what was incorrect, but no 
suggestion on how to fix it) was provided after every five trials following sets with >60% 
accuracy. Additionally, error processing questions (e.g., “Was that right or wrong?”; “What 
made that easier?”) were asked every trial to encourage patient autonomy, motivation, and 
awareness building in order to capitalize on principles of motor learning (Wulf & Lewthwaite, 
2016). After ten consecutively performed correct trials, error processing questions were no 
longer asked by the clinician, but instead, participants were to indicate if and when they felt they 
performed a trial incorrectly. 
In order to control for patient adherence, no training sets were given as formal home 
practice. However, participants were encouraged to begin to implement the exhale-swallow-





Table 1: Respiratory-Swallow Training Protocol 




Fundamental of RSC 
Description of Current RSC 




Respiratory Phase Patterning with Breath Holding  
Respiratory Phase Patterning with Saliva Swallows  
Sessions 1-4: Exhale-Swallow-Exhale Practice 
5 trials per set, 12 sets per session, 1 session per week, 4 consecutive weeks 
Constant Practice Group Variable Practice Group 









Self-administered water via cup (5x) Self-administered water via cup (5x) 
Self-administered water via cup (5x) Self-administered water via cup (5x) 
Self-administered water via cup (5x) Self-administered water via cup (5x) 
Self-administered water via cup (5x) Self-administered water via straw (5x) 
Self-administered water via cup (5x) Self-administered water via straw (5x) 
Self-administered water via cup (5x) Self-administered water via straw (5x) 
Self-administered water via cup (5x) Self-administered water via straw (5x) 
Self-administered water via cup (5x) Self-administered water via spoon (5x) 
Self-administered water via cup (5x) Self-administered water via spoon (5x) 




Self-administered water via cup (5x) Self-administered water via spoon (5x) 
Augmented Feedback Instructions 
• Error processing questions should be asked to the patient after every trial when <10 
consecutive trials are performed correctly. 
o After every trial, ask the patient if they thought they performed the trial 
correctly or not 
o In addition, you may ask other non-feedback related error process questions 
(e.g., Was that easier or more difficult than the previous? What made it 
easier/more difficult? Did you have a lot of air or a little amount of air left after 
you swallowed?) 
• Asking the patient error processing questions should be eliminated when 10 
consecutive trials were performed correctly. When error processing questions are 
eliminated after every trial, the patient must still indicate to the clinician when/if they 
perceived a trial to be incorrect (but not correct). 
• Prescriptive feedback without concurrent instructions should given after every trial for 
the first set of every practice session 
• Prescriptive feedback should be given after every trial following sets with ≤60% 
accuracy  
o Add concurrent instructions to each trial if the previous set contained 
prescriptive feedback but had an accuracy of ≤60% 
o Remove concurrent instructions if the previous set contained prescriptive 
feedback and concurrent instructions and had an accuracy >60% 





o If the previous set contained prescriptive feedback with current instructions, 
then proceed to prescriptive feedback without concurrent feedback – not 
descriptive feedback. 
 
Respiratory Kinematic Data 
 Respiratory kinematic data were collected during each evaluation visit and treatment 
session. Respiratory kinematic data were obtained using respiratory inductive plethysmography 
via the Respirtrace System (Ambulatory Monitoring). During data collection, participants were 
seated in an upright position and wore two elastic bands fixed with elastic coils that transduce 
movement. One band was positioned on the ribcage just below the axilla; the other band position 
on the abdomen directly over the bellybutton and just below the floating ribs. Respiratory 
kinematic data were calibrated and analyzed via custom MATLAB algorithms. 
 First, participants completed a series of breathing tasks to calibrate the sum signal and 
determine vital capacity (Hoit & Hixon, 1987; Huber, 2007; Huber & Darling, 2011). 
Participants wore a facemask covering the nose and mouth and breathed into a spirometer while 
they completed two breathing tasks: a rest breathing and a deep breathing task. With the bands 
and spirometer in place, participants were instructed to relax 60 seconds during the rest breathing 
task. For the deep breathing task, participants were instructed to “breathe deeper, as if you were 
at the doctor’s office” for an additional 45 seconds. Each task was performed three times. 
Participants then performed at three vital capacity trials during which they were instructed to 




The lung volume signal was estimated from the sum of the ribcage and abdomen, 
calibrated against a known volume from the spirometer (Chadha et al., 1982; McKenna & Huber, 
2019). The correction factor for the ribcage (k1) and abdomen (k2) signals were determined via 
the following formula from the rest breathing and deep breathing tasks: 
Spirometry = k1 (ribcage) + k2 (abdomen) 
The correction factors were then used to estimate lung volume from the ribcage and abdomen 
signals during the vital capacity and breathing tasks via the following formula: 
Estimated lung volume = k1 (ribcage) + k2 (abdomen)  
Respiratory kinematic data were then used to measure the average location of the rest position of 
the lung-thorax unit as measured by end expiratory level as a percent of vital capacity (% VC). 
Once the respiratory calibration tasks were completed and the correction factors and location of 
end expiratory level relative to vital capacity were calculated, participants moved on to 
assessment of respiratory-swallow coordination.  
 
Respiratory-Swallow Coordination 
 Respiratory-swallow coordination was assessed during each evaluation visit to examine 
treatment outcomes, and during each treatment session to determine accuracy of practice trials. 
Respiratory-swallow coordination was assessed using simultaneous respiratory inductive 
plethysmography, submental surface electromyography (Octal Bio Amps by ADInstruments), 
and nasal airflow monitoring (Exercise Physiology System by ADInstruments). The 
plethysmography signals were used as the primary method for determining the type of 
respiratory activity present before, during, and after swallowing. All signals were input directly 




and recorded at 2k Hz. LabChart data analysis software (LabChart v8, ADInstruments) 
synchronized all signals and stored them for offline blinded analyses.  
During each evaluation visit (with the exception of the second), respiratory-swallow 
coordination was assessed during a training-specific probe task and separately during a non-
training specific, generalization testing task (i.e., during the FEES). The probe task was used to 
replicate training-specific conditions and involved patient preferred volumes of water via cup 
(10x). The thinnest liquid consistency determined to be safe during the delayed baseline FEES 
(PAS ≤5) was used for this task. Three measures of respiratory-swallow coordination were 
obtained from each swallow during the FEES and probe tasks: respiratory pause duration, 
respiratory phase patterning, and lung volume initiation.  
Respiratory pause duration refers to the length in time during which respiratory activity 
temporarily stops in order to accommodate the swallow. The respiratory pause was analyzed 
using the plethysmography and nasal airflow signals to measure the duration (in seconds) from 
the onset to offset of the respiratory pause for the first ingestion cycle of each trial (Dozier, 
Brodsky, Michel, Walters, & Martin-Harris, 2006).  
Respiratory phase patterning refers to the unique grouping of inhalations and exhalations 
before and after the respiratory pause. Patterning was determined by identifying which phase of 
breathing (inhalation or exhalation) was present immediately before pause onset and after pause 
offset. Four respiratory phase patterns were then recorded: exhale-swallow-exhale, inhale-
swallow-exhale, exhale-swallow-inhale, and inhale-swallow-inhale.   
Lung volume initiation (LVI) describes how full the lungs are with air at the onset of the 
respiratory pause. Lung volumes were calculated by summing the rib cage and abdominal 




onset of each respiratory pause and was expressed as a percentage of vital capacity (% VC) 
relative to end-expiratory level of tidal breathing, whereby positive numbers indicate swallows 
that were initiated above end expiratory level and where negative numbers indicate swallows that 
were initiated below end expiratory level (Figure 2).  
 
 
 Figure 2: Schematic of lung volume initiation (LVI) expressed as a percentage of vital capacity 
relative to end-expiratory level (EEL).  The respiratory pause on the center-left represents an 
exhale-swallow-exhale initiated 19% VC above EEL, while the respiratory pause on the center-
right represents an exhale-swallow-inhale initiated 4% VC below EEL. 
 
 
Swallowing Safety and Efficiency 
Flexible endoscopic evaluation of swallowing (FEES) was completed during each 




residue, penetration, and aspiration. FEES equipment consisted of a 3.0 mm diameter flexible 
distal chip laryngoscope (ENT-5000; Cogentix Medical, New York, USA) and video system 
with integrated LED light source LCD display (Cogentix Medical, DPU-7000A). The flexible 
laryngoscope was passed transnasally without the use of topical anesthetic or vasoconstrictors. 
The tip of the endoscope was positioned within the oropharynx to visualize the pharynx, larynx, 
and subglottis before and after all swallows.  
During the FEES, participants were seated comfortably in their usual feeding posture. 
Participants were instructed to avoid talking during the exam unless instructed by the clinician. 
The FEES protocol included a maximum of 23 bolus trials across 11 swallowing conditions. For 
safety reasons, the order of presentation was fixed and included:  
12. 5 mL thin water via syringe (3x) 
13. 5 mL thin water via a 30 mL medicine cup (3x) 
14. 15 mL thin water via a 30 mL medicine cup (3x) 
15. Patient preferred volume of thin liquid via an 8-ounce cup (3x) 
16. Patient preferred volume of mildly thick water via an 8-ounce medicine cup (3x) 
17. 5 mL vanilla pudding via spoon (3x) 
18. 5 mL mixed consistency of pineapple tidbits with juice via spoon (1x) 
19. 5 mL thin water via spoon (1x) 
20. Patient preferred volume of thin water via straw (1x) 
21. 50 mL thin water via cup (1x) 
22. 90 mL thin water via cup (1x) 
White (AmeriColor), blue (Chef-o-Van), and green (Chef-o-Van) food coloring was used 




Flow testing was completed accordingly to the International Dysphagia Diet Standardisation 
Initiative (IDDSI) recommendations: thin water was tested to IDDSI Level 0; mildly thick water 
was tested to IDDSI Level 2; the vanilla pudding was tested to IDDSI Level 5; and, the mixed 
constancy was tested to IDDSI Levels 6 and 0.   
All boluses were self-administered, with the exception of the liquid boluses delivered via 
syringe or spoon. Participants were instructed to complete all boluses within a single swallow, 
with the exception of the mixed consistency, 50 mL, and 90 mL boluses. Instructions for the 
single swallows were given prior to the start of the FEES so as to avoid any effects of verbal 
cueing on respiratory-swallow coordination (Curtis & Troche, 2020). The second and third trials 
within each swallowing condition were skipped if the preceding trial exhibited gross aspiration 
without the ability to clear the aspirate material. The 90 mL sequential swallowing condition was 
skipped if the 50 mL swallowing condition exhibited gross aspiration.  
FEES videos were segmented into individual video clips in real time for each bolus trial. 
The beginning of each video clip began when a new bolus trial was presented to the participant. 
The end of each video clip ended immediately prior to the presentation of a new bolus trial. Video 
clips were stored digitally and blindly analyzed in the order in which the video clips were recorded.  
Measures of swallowing safety and efficiency were obtained from each swallowing trial. 
The Penetration-Aspiration Scale (PAS) was used to characterize the depth and reaction to 
penetration and aspiration (Rosenbek, Robbins, Roecker, Coyle, & Wood, 1996). The PAS scoring 
was judged across the entire video clip. The Visual Analysis of Swallowing Efficiency and Safety 
(VASES) was used to quantify the amount of post-swallow residue observed in the valleculae, 
piriforms, laryngeal vestibule, vocal folds, and subglottis. VASES is a standardized rating method 




penetration, and aspiration. For VASES, residue ratings are measured perceptually using a 100-
point visual analogue scale to indicate how filled the vallecular or piriform spaces are with residue, 
and how much of the laryngeal vestibule, vocal fold, or subglottic mucosa are covered with residue.  
 
 
 Figure 3: Anatomic boundaries for the vallecula/oropharynx, piriforms/hypopharynx, epiglottis, 
laryngeal vestibule, vocal folds, and subglottis. 
 
Residue ratings were judged “after the swallow”, temporally defined as the period from 
immediately following endoscopic whiteout up until: (1) five seconds of inactivity/rest; (2) post-
swallow vocalization of /i/ (intermittently performed if endoscopic visualization of the laryngeal 
vestibule was incomplete); or (3) post-swallow advancement of the laryngoscope into the laryngeal 




incomplete). In instances of piecemeal deglutition or multiple swallows, residue ratings were made 
after the final clearing swallowing if contained within the five seconds of inactivity/rest after 
endoscopic whiteout. In instances where pre-existing residue was present at the beginning of a 
video clip, only new bolus material was judged for residue ratings. To assist in discerning between 
pre-existing and new bolus material, bolus trials alternated between blue opaque, white 
opaque/coating, and green opaque boluses. Lastly, the Dynamic Imaging Grade of Swallowing 
Toxicity for FEES (DIGEST-FEES) was used to characterize global deficits in swallowing safety 
and efficiency using a 5-point ordinal grading system indicating no impairment (0), mild 
impairment (1), moderate impairment (2), severe impairment (3), and life-threatening impairment 
(4) (Starmer et al., 2020). 
All FEES video clips were blindly analyzed, with raters blinded to all participant 
information. Each video clip was randomly assigned to two raters, eight raters total. All raters 
previously completed a standardized VASES training protocol and demonstrated competency in 
all required analysis requirements. None of the raters were involved in the evaluations or 
treatments. To assess reliability, percent agreement in PAS and residue ratings were measured for 
each video clip between each pair of raters. PAS ratings were considered to be in agreement if 
matching exactly. Residue ratings were considered to be in agreement if scores were within 10 
points of each other, with the exception being if one rater indicated residue was absent (0) while 
another rater indicated residue was present (>0). Any PAS and residue ratings that were not in 
agreement were then resolved by the rating of a third (expert) rater. 
 
Patient Report Swallowing Outcomes 




used as patient reported swallowing outcome measures. The FOIS is a 7-point scale used to 
document change in functional oral intake of foods and liquids. Originally validated in stroke 
patients, the FOIS is a commonly used patient reported outcome measure across dysphagic 
patient populations (Crary, Carnaby Mann, & Groher, 2005). The EAT-10 is a 10-item self-
administered questionnaire with total scores ranging from 0 (no self-perceived problem with 
swallowing) to 40 (maximal self-perceived problem with swallowing) (Belafsky et al., 2008). 
 
Statistical Analyses 
Statistical analyses were conducted using IBM SPSS Statistics for Macintosh, Version 
26.0 (ICM Corp, Armonk, NY, USA). All data were analyzed with raters blinded to patient 
identifying information, treatment group (constant practice vs. variable practice), and visit type 
(delayed baseline, pre-RST, post-RST, 1-month follow up).  
Treatment fidelity was measured by comparing the clinicians’ instructions, frequency of 
feedback, and type of feedback to the standardized treatment instructions for every practice trial. 
Each session had a total of 60 trials. Therefore, the number of errors made by the clinician was 
subtracted from a total of 60. Treatment fidelity was measured across 50% of the treatment 
sessions for each treating clinician.  
Respiratory-swallow coordination outcome measures were analyzed separately for the 
training-specific probe task and the generalization testing FEES task. These outcome measures 
included the proportion of swallows exhibiting the optimal exhale-swallow-exhale pattern (%), 
average respiratory pause duration (seconds), average lung volume initiation (% VC). Variability 
in respiratory-swallow coordination outcome measures was also examined since changes in 




Therefore, the coefficient of unalikeability (used for categorical measures) was used to examine 
variability in the respiratory-swallow patterning, while the coefficient of variation (used for 
continuous measures) was used to examine variability in respiratory pause duration and lung 
volume initiation. 
 Swallowing outcome measures included the proportion of swallows across the entire 
FEES demonstrating abnormal PAS scores and abnormal residue ratings. PAS scores >2 were 
considered abnormal (Steele et al., 2019). Vallecular and piriform residue scores ≥5 (i.e., greater 
than trace) were considered to be abnormal (Pisegna, Kaneoka, Coster, Leonard, & Langmore, 
2020). Any laryngeal vestibule, vocal fold, or subglottic residue score >0 were considered 
abnormal since these represent anatomic landmarks represent penetration and aspiration without 
ejection (Steele et al., 2019). Patient reported outcome measures included FOIS and EAT-10. 
One-way ANOVAs and Mann-Whitney U tests were used to examine if changes in 
outcome measures were present between the delayed baseline and the immediate pre-RST 
assessments. Then, two-way mixed ANOVAs with post-hoc comparisons were used to examine 
the effects of time (pre- vs post-RST) and treatment group (constant vs. variable practice) on 
outcome measures. Time was treated as the within-subject factor and treatment approach was 
treated as the between-subject factor. Mauchly’s Test of Sphericity was used to determine if the 
assumption of sphericity was violated. If sphericity was violated, then the ANOVA was 
interpreted using Greenhouse-Geisser. The Shapiro-Wilk Test of Normality was used to 
determine if the data were normally distributed. If data were judged to not be normally 
distributed or ordinal in nature, then non-parametric analyses were used. For non-parametric 
analyses, repeated measure Freidman’s tests were used to examine the main effects of time on 




differences in outcome measures between treatment groups post-RST.  
Pairwise comparisons were determined a priori to examine differences in outcome 
measures from between the immediate Pre-RST assessment to the immediate Post-RST 
assessment, and between the immediate Pre-RST assessment to the 1-Month follow-up 
assessment. A familywise p-value of <.05 was set as the level of statistical significance. Holm 
Bonferroni adjustments were used to correct for the comparison of multiple outcome measures at 
each time point when statistically analyzing the effects of RST as a whole (i.e., not specific 
training groups). Holm Bonferroni corrections were not applied when comparing differences in 
outcome measures between the specific constant and variable practice training groups since this 
was an exploratory aim. Cohen’s d was used as an effect size measure for pairwise comparison. 
Effect sizes were interpreted as ‘negligible’ if < 0.2, ‘small’ if ≥ 0.2 but < 0.5, ‘medium’ if ≥ 0.5 
but < 0.8, and ‘large’ if ≥ 0.8. 
 
RESULTS 
Twenty-four participants were initially screened for study enrollment. Four participants 
did not meet the inclusion criteria of exhibiting a PAS ≥3 during the baseline FEES and therefore 
were not included in the study. One participant was enrolled but dropped out after the initial 
evaluation due to complications with a previous knee surgery. Therefore, 19 participants were 
enrolled in the study and initiated the treatment protocol. Due to the SARS-CoV-2 global 
pandemic, only 12 of the remaining 19 participants completed the protocol to the point of the 
immediate post-RST assessment. These participants included ten males and two females, six who 
completed RST using a variable practice approach and six who used a constant practice approach 




month follow-up assessment. All seven of these participants were male, four of whom completed 
RST using the variable practice approach and three of whom completed RST using the constant 
practice approach. Because of the unequal sample sizes across timepoints, omnibus testing and 
post hoc comparisons examining differences in outcome measures between the delayed baseline, 
immediate pre-RST assessment, and immediate post-RST assessments were made using data 
from the 12 participants. Post-hoc comparisons between the immediate pre-RST and 1-month 
follow up assessments were completed separately using data from the seven participants.  
Demographic, cognitive, respiratory, and baseline swallow function information of the 12 
participants are outlined in Tables 2-5. Of note, 8.3% of the participants had mild dysphagia 
(DIGEST 1; n = 1), 58.3% of the participants had moderate dysphagia (DIGEST 2; n = 7), 16.6% 
of the participants had severe dysphagia (DIGEST 3; n = 2), and 16.6% of the participants had 


















Treatment Fidelity and Reliability 
Accuracy in providing the correct instructions, frequency of feedback, and type of 
feedback was excellent. Treatment fidelity ranged from 94.3-100% across the five clinicians.   
Reliability analysis revealed an absolute agreement of 63.5% of the vallecular residue 
ratings (ICC = .468; 95% CI: .370-.549;  p < .0005), 73.6% of the piriform residue ratings (ICC 
= .255; 95% CI: .135-.358;  p < .0005), 78.3% of the laryngeal vestibule residue ratings (ICC = 
.775; 95% CI: .742-.803;  p < .0005), 65.5% of the vocal fold residue ratings (ICC = .652; 95% 
CI: .602-.696;  p < .0005), 85.2% of the subglottic residue ratings (ICC = .934; 95% CI: .924-
.942;  p < .0005), and 65.1% of the PAS ratings (κw = .582; 95% CI: .537-.628;  p < .0005). 
Expert ratings were therefore used to resolve 36.4% of the vallecular residue ratings, 26.3% of 
the piriform residue ratings, 21.6% of the laryngeal vestibule residue ratings, 23.4% of the vocal 
fold residue ratings, 14.7% of the subglottic residue ratings, and 34.8% of the PAS ratings.   
 
Respiratory-Swallow Coordination Outcomes 
Participant-level changes in RSC outcomes across assessments are outlined in Tables 6-7, 
with group-level statistical findings detailed in Tables 8-9. No differences were seen between the 
delayed baseline and immediate pre-treatment assessments in any RSC outcome measure (p > 
.05) – demonstrating stability in RSC during the initial no intervention phase. Two-way ANOVA 
revealed significant increases in the proportion of swallows exhibiting the optimal exhale-
swallow-exhale pattern immediately post-RST during both the probe task (p < .0005) and FEES 
(p < .0005). Specifically, the proportion of optimal exhale-swallow-exhales increased from 25% 
pre-RST to 89.2% post-RST during the training-specific probe task (d = 2.72), and 30.7% pre-




representing large treatment effects. Two-way ANOVAs also revealed significant decreases in 
respiratory pause duration immediately post-RST during both the probe task (p = .018) and 
FEES (p = .004), however no differences were observed in lung volume initiation during the 
probe task (p = .543) or the FEES (p = .412). No differences were observed between the constant 
and variable practice groups in these three RSC outcome measures at any timepoint (p >.05). 
 Non-parametric testing was required for all assessments of RSC variability. Repeated 
measures Friedman’s tests revealed a significant decrease in the variability in respiratory phase 
patterning from immediate pre-RST to immediate post-RST (χ2(1) = 7.364, p = .007, r = 1.55; 
Table 7). Specifically, variability in respiratory phase patterning decreased from 55.4% pre-RST 
to 13.5% post-RST during the task-specific probe testing (r = 1.33), and 58.2% pre-RST to 
42.6% post-RST during the generalization testing FEES tasks (r = .95), both representing large 
treatment effects. No other changes to the variability of respiratory pause duration nor lung 
volume initiation were observed as an effect of the treatment. Additionally, no differences were 
observed between the constant and variable practice groups in these three RSC outcome 



























Table 8: Changes in Respiratory-Swallow Coordination Across All Participants 
 
 Two-Way Interaction Main Effects of Time 
Measure Test Statistic P-value Test Statistic P-value Effect Size 
Probe 
Ex-Ex (%) F(2, 20) = .228 .749 F(2, 20) = 25.241 <.0005* η2 = .716 
LVI (% VC) F(2, 20) = 1.130 .343 F(2, 20) = .631 .543 η2 = .059 
Pause (s) F(2, 20) = .618 .549 F(2, 20) = 4.909 .018* η2 = .329 
FEES 
Ex-Ex (%) F(2, 20) = 1.349 .282 F(2, 20) = 19.357 <.0005* η2 = .659 
LVI (% VC) F(2, 20) = .987 .390 F(2, 20) = .928 .412 η2 = .085 
Pause (s) F(2, 20) = .883 .429 F(2, 20) = 7.571 .004* η2 = .431 
 
















Changes in RSC Across 
Assessments  
p-value 
(Cohen’s d Effect Size) 







Ex-Ex (%) 22.5 25.0 89.2 52.9 <.0005* 
(d = 2.72) 
.268 
(d = 1.30) 
LVI (% VC) 10.8 13.0 13.4 13.0 .154 
(d = .04) 
.910 
(d = .13) 
Pause (s) 3.24 1.68 2.42 2.89 .148 




Ex-Ex (%) 27.3 30.7 69.5 51.3 <.0005* 
(d = 1.73) 
.009* 
(d = 1.00) 
LVI (% VC) 12.8 14.6 12.0 12.9 <.0005* 
(d = .36) 
.224 
(d = .20) 
Pause (s) 4.36 4.14 2.69 3.057 .587 
(d = .70) 
.664 
(d = .62) 








Table 9: Changes in Respiratory-Swallow Coordination Variability Pre- and Post-Training 
Across All Participants  
 
 Immediate Pre-RST to  
Immediate Post-RST  
Immediate Pre-RST to  
1-Month Follow Up  
 Test Statistic P-value Effect Size Test Statistic P-value Effect Size 
Probe 
RSP (CoU) χ2(1) = 7.364 .007* r = 1.55 χ2(1) = 5.000 .025 r = 1.33 
LVI (CoV) χ2(1) = 0.333 .564 r = .11 χ2(1) = 0.333 .564 r = .08 
Pause (CoV) χ2(1) = 3.000 .083 r = .61 χ2(1) = 3.000 .083  r = .80 
FEES 
RSP (CoU) χ2(1) = 3.000 .083  r = .61 χ2(1) = 3.571 .059  r = .954 
LVI (CoV) χ2(1) = 2.273 .132  r = .46 χ2(1) = .143 .705  r = .03 
Pause (CoV) χ2(1) = 1.333 .248  r = .27 χ2(1) = .143 .705  r = .03 
 
Outcome Variability at  












RSP (CoU) 40.04% 55.42% 13.50% 22.86% 
LVI (CoV) 68.20% 51.73% 62.77% 57.57% 
Pause (CoV) 44.69% 50.50% 29.07% 38.89% 
FEES 
RSP (CoU) 61.62% 58.25% 42.66% 31.00% 
LVI (CoV) 75.95% 68.53% 76.48% 156.20% 
Pause (CoV) 66.50% 67.29% 79.73% 64.94% 
Note: “*” notes statistically significant findings after using Holm-Bonferroni corrections to adjust for comparison of 
multiple outcomes within each time point. 
Abbreviations: coefficient of unalikeability (CoU); coefficient of variation (CoV); respiratory-swallow patterning 
(RSP); lung volume initiation (LVI); flexible endoscopic evaluation of swallowing (FEES) 
 
Swallowing Outcomes 
 Participant-level changes in swallowing outcomes across assessments are outlined in 
Table 10, with group-level changes and statistical findings detailed in Table 11. There were no 
changes in swallowing function between the delayed baseline assessment and the immediate pre-
RST assessment, demonstrating stability in dysphagia despite the presence of neurodegenerative 




scores (p < .0005), vallecular residue (p = .001), piriform residue (p = .001), laryngeal vestibule 
residue (p < .0005), vocal fold residue (p = .002), and subglottic residue (p = .010) immediately 
post-RST and during the 1-month follow up assessment. These improvements in swallowing 
represent medium to large treatment effects. There were no significant two-way interactions 
between time and treatment approach for any of the swallowing outcome measures, suggesting 
that both the constant and variable practice groups exhibited equal training benefit.  
 
Patient Reported Outcomes 
 Participant-level changes in FOIS and EAT-10 are presented in Table 12. There were no 
changes in FOIS or EAT-10 between the delayed and the immediate pre-RST assessment (p > 
.05). Friedman’s tests revealed significant improvements in FOIS from immediate pre-RST to 
immediate post-RST (χ2(1) = 6.000, p = .014, d = .79) and from immediate pre-RST to the 1-
month maintenance assessment (χ2(1) = 5.000, p = .025, d = .48). Median FOIS scores increased 
by one, from a FOIS of 6 pre-RST to a FOIS of 7 immediately post-RST, which was retained at 
the 1-month maintenance assessment. Post-hoc Mann-Whitney U tests did not reveal any 
differences in FOIS between groups, either at the immediate post-RST assessment (U = 18.000, z 
= 0.000, p = 1.000) nor at the 1-month maintenance assessment (U = 8.500, z = 1.021, p = .400). 
Friedman’s tests did not reveal any significant changes in EAT-10 from immediate pre-
RST to immediate post-RST (χ2(1) = 1.800, p = .180) nor from immediate pre-RST to the 1-
month maintenance assessment (χ2(1) = 0.000, p = 1.000). Additionally, Mann-Whitney U tests 
did not reveal any differences in EAT-10 between groups after controlling for multiple 
comparisons, either at the immediate post-RST assessment (U = 30.500, z = 2.038, p = 0.041) 








Table 11: Group-Level Changes in PAS and Residue Rating Scores 
 
 Two-Way Interaction Main Effects of Time 
Measure Test Statistic P-value Test Statistic P-value Effect Size 
Valleculae F(1.3, 13.2) = .228 .708 F(1.3, 14.5) = 15.954 .001* ηp2 = .615 
Piriforms F(1.3, 13.0) = .126 .794 F(1.3, 14.3) = 15.511 .001* ηp2 = .608 
Vestibule F(2, 20) = 1.685 .221 F(2, 20) = 19.364 <.0005* ηp2 = .659 
Vocal Folds F(2, 20) = .210 .812 F(2, 20) = 8.432 .002* ηp2 = .457 
Subglottis F(2, 20) = .505 .606 χ2(2) = 9.116 .010* r = 1.86 






































Vallecula 77.0% 73.3% 47.5% 45.4% 
 
.001* 
(d = .94) 
.025* 
(d = 1.02) 
Piriforms 57.2% 59.6% 28.1% 27.7% 
 
.003* 
(d = 1.22) 
.105 
(d = 1.24) 
Vestibule 55.5% 57.7% 37.7% 37.8% 
 
<.0005* 
(d = .72) 
.008* 
(d = .72) 
Vocal Folds 37.9% 38.6% 21.9% 22.4% 
 
.003* 
(d = .54) 
.013* 
(d = .52) 
Subglottis 25.2% 16.1% 12.3% 13.5% 
 
.153 
(d = .16) 
.025 
(d = .08) 
PAS 56.5% 58.9% 36.6% 37.9% <.0005* 
(d = .81) 
.009* 
(d = .76) 









Respiratory-swallow coordination is critical for safe and efficient swallowing. When 
impaired, suboptimal respiratory-swallow coordination can contribute to the development of 
dysphagia in PD (Chapter 2 of this dissertation document). This is important given that 
impairments in swallowing safety and efficiency are associated with poor long-term health 
outcomes (Fabbri et al., 2019). Despite the profound impact of dysphagia on the health and 
quality of life in people with PD, treatments to improve swallowing safety and efficiency in this 
patient population are limited (Baijens & Speyer, 2009; Suttrup & Warnecke, 2016; Van Hooren, 
Baijens, Voskuilen, Oosterloo, & Kremer, 2014). Therefore, the primary aim of this study was to 
examine the effects of respiratory-swallow training (RST) on functional swallowing outcomes 




Results from this study revealed significant improvements with large treatment effects on 
measures of respiratory-swallow coordination, residue, penetration, and aspiration following four 
once-weekly consecutive sessions of RST. 
 
Respiratory-Swallow Coordination 
The RST protocol originally published by Martin-Harris and colleagues involved training 
the exhale-swallow-exhale pattern initiated within the mid-to-low tidal breathing lung volume 
range with the use of visual biofeedback. The RST protocol used in this study differed from that 
originally reported by Martin-Harris and colleagues by altering three training elements. The first 
difference from the originally published RST protocol was the decision to only train the optimal 
exhale-swallow-exhale pattern without explicitly targeting lung volume initiation. The decision 
to exclude lung volume initiation as a goal for this RST protocol was made for several reasons. 
First, research in PD (Chapter 2 of this dissertation manuscript) has found lung volume initiation 
to only elicit small effects on swallowing efficiency in PD and no effect on swallowing safety. 
Second, the precise location of optimal lung volume range has yet to be identified. Thirdly, 
because the effects of lung volume initiation on swallowing appear small and the precise location 
of the optimal lung volume initiation beyond just ‘above tidal volume’ remains unknown, lung 
volume initiation was removed in an effort to reduce unnecessary task complexity and facilitate 
greater motor learning outcomes.  
The second difference between the current RST protocol and that reported by Martin-
Harris is the use of visual biofeedback. Specifically, visual biofeedback was used in the 
previously published protocol by Martin-Harris and colleagues but was not used in the current 




protocol. First, the use of biofeedback can be a potential barrier to clinicians and patients since it 
relies on purchasing equipment and some degree of technical training (Campanini, Disselhorst-
Klug, Rymer, & Merletti, 2020). Therefore, studying RST without the use of biofeedback was 
done in part to potentially reduce the number of barriers for RST implementation. The second 
reason biofeedback was removed relates to motor learning theory. Because visual biofeedback 
facilitates continuous, real-time feedback of one’s motor performance, it is thought to result in 
less (rather than more) contextual interference, which may be less optimal for motor learning 
outcomes (Schmidt & Wulf, 1997). Similarly, research supporting the use of visual biofeedback 
in swallowing therapy for dysphagic people in general and people with PD specifically remains 
equivocal (Battel, Calvo, & Walshe, 2020; Benfield, Everton, Bath, & England, 2019). However, 
future research is needed to compare the RST motor learning outcomes with and without the use 
of biofeedback in people with neurologic diseases and PD. 
The third large difference includes the use of standardized performance bandwidth rules. 
Performance bandwidth involves altering the type and frequency of augmented verbal feedback 
that is given to a patient based on the accuracy of the patient’s real-time motor performance. The 
performance bandwidth rules used in the current RST protocol were designed to systematically 
facilitate greater clinician scaffolding when working with people with more severe motor 
learning and cognitive deficits, and less clinician scaffolding with when patients begin to 
demonstrate a moderate degree of accuracy. In this respect, the type and frequency of feedback 
was designed to be dynamic and individualized to the patient.  
Despite these changes to the RST protocol, large and significant improvements in RSC 
were observed following completion of the four sessions of therapy. Immediately following 




RST to ~80% post-RST during the training-specific and generalization testing tasks. Similarly, 
there was a large decrease in the variability of respiratory phase patterning. Together, these 
findings indicate that RST resulted in improved accuracy, consistency, and generalization of 
optimal respiratory phase patterning as a result of this skill-based training therapy. This 
improvement in respiratory phase patterning represents a change from severely abnormal to 
within normal limits (Hopkins-Rossabi et al., 2019). Notably, the effect sizes on respiratory 
phase patterning and the acquisition of optimal exhale-swallow-exhale were found to be large (d 
> 0.9). 
All but one participant demonstrated an improvement in respiratory phase patterning - 
during the training-specific probe take (ID# 19) and all but two participants demonstrated an 
improvement in respiratory phase patterning during the generalization testing FEES tasks (ID# 4, 
7). The reason for this lack of change in respiratory phase patterning for these participants in 
these tasks appears to be due in part to the high proportion of swallows already exhibiting the 
exhale-swallow-exhale pattern pre-therapy. This would suggest that people who exhibit the 
exhale-swallow-exhale pattern for the majority of swallows at baseline may benefit less from 
RST when compared to people with more pronounced impairments to RSC. 
It should be noted that no instructions or reminders were given to the participants to 
perform the exhale-swallow-exhale during any of the assessments – including the 1-month 
follow up assessment. Therefore, it is possible that impaired memory and cognition may have 
negatively affected the accuracy and consistency of performing the exhale-swallow-exhale 
pattern during the post-treatment assessments. To examine this further, an exploratory post-hoc 
analysis was conducted which revealed that four of the seven participants who completed the 1-




their baseline and exhibited an accuracy of <10% (ID#s 4, 5, 8). Baseline cognitive testing using 
the Dementia Rating Scale revealed that these three participants all exhibited moderate to severe 
cognitive impairment (Bezdicek et al., 2015). When interviewed at the conclusion of the 1-month 
follow up assessment, two of three participants indicated that they forgot that they were to do 
exhale-swallow-exhale whenever eating and drinking but reported they could complete the 
exhale-swallow-exhale if asked. The third participant reported that he consistently exhaled after 
swallowing but forgot that exhaling before swallowing was part of the training goal. These data 
suggest that RST can elicit long-term gains to respiratory phase patterning, but that intermittent 
reminders or therapy “check-ins” are likely warranted for individuals with memory decline or 
other cognitive impairments.  
Two cardinal symptoms of PD include akinesia (delayed initiation of movements or 
‘freezing’) and bradykinesia (slowness of movements). While these symptoms are most often 
associated with the limbs (Mazzoni, Shabbott, & Cortés, 2012), they can also manifest during 
oropharyngeal swallowing. People with PD are slower to initiate and complete airway closure 
during swallowing when compared to healthy adults, and frequently present with prolonged 
pharyngeal transit times and delayed pharyngeal swallow initiation (Leopold & Kagel, 1997; 
Schiffer & Kendall, 2019). Interestingly, the present investigation revealed a significant decrease 
in respiratory pause duration post-RST, suggesting a faster and more coordinated swallow is 
possible despite the presence of akinesia and bradykinesia. This is important given that shorter 
respiratory pauses are associated with increased swallowing safety in disordered populations, 
including people with cerebral vascular accidents (Butler et al., 2007), amyotrophic lateral 
sclerosis (Erdem et al., 2016), and PD (Troche et al., 2011). 




hypothesized that it would increase with training. This hypothesis was based on previous 
research which demonstrated that higher lung volumes are associated with greater swallow 
efficiency (Drulia, 2016; Gross, Atwood, Grayhack, & Shaiman, 2003). However, the present 
study failed to support this hypothesis. While this result may be intuitive since lung volume was 
not directly targeted in the RST protocol, it is in contrast to our original hypothesis. We suspect 
this may be due to the greater frequency of pre-swallow inhalations observed pre-RST compared 
to post-RST. To investigate this further, we performed an exploratory analysis examining 
changes in lung volume initiation for the exhale-swallow-exhale pattern only. Results of this 
exploratory descriptive analysis revealed that the average lung volume initiation for the exhale-
swallow-exhale pattern immediately pre-RST was 10.9% VC, while the average lung volume 
initiation for the exhale-swallow-exhale pattern immediately post-RST was 17.7% VC. This 
finding suggests that an increase in lung volume initiation for the exhale-swallow-exhale was 
present when controlling for respiratory phase patterning. If this is in fact true, then these results 
may explain why there was a significant decrease in the frequency of vallecular and piriform 
residue post-RST, given that higher lung volume initiation is associated with a decrease 
vallecular and piriform residue whereas respiratory phase patterning is not.  
Notably, this protocol relied on the clinicians’ visual perceptual judgements of respiratory 
movements to determine the accuracy of the exhale-swallow-exhale pattern present during 
treatment implementation in order to guide standardized verbal feedback. Clinicians’ judgements 
were corrected by the first author to the treating clinician when incorrect judgements were made. 
The first author, who was at a computer monitor assessing respiratory-swallow coordination in 
real-time, relied on data acquisition from the nasal airflow monitoring and plethysmography 




support from the first author and accompanying instrumentation. Clinicians should be cautious 
when implementing RST if relying solely on visual perceptual judgements without the aid of 
airflow monitoring or plethysmography. In order to address this clinically relevant concern, 
future research should assess the accuracy of visual perceptual judgements of respiratory-
swallow coordination. 
 
Swallowing Rehabilitation  
On average, the participants enrolled in this study exhibited moderately severe dysphagia. 
RST was used as a novel skill-based dysphagia treatment intended to improve both swallowing 
safety and swallowing efficiency in this dysphagic cohort of PD patients. Robust improvements 
in residue, penetration, and aspiration were observed in this cohort of people with PD following 
RST. Results from this study are in line with findings from previous work in head and neck 
cancer (Martin-Harris et al., 2015), and support the emerging data in people with neurogenic 
dysphagia (Curtis, Dakin, et al., 2020; Curtis, Seikaly, & Troche, 2020).  
There was a large, significant reduction in frequency of swallows with penetration-
aspiration – from 58.9% of swallows pre-RST to 36.6% of swallows post-RST. There was also a 
large reduction in the number of swallows exhibiting residue in the valleculae, piriforms, 
laryngeal vestibule, and vocal folds. While omnibus testing also revealed a change in the 
frequency of subglottic residue ratings over time, pairwise comparisons failed to find any 
specific differences. To further explore this, we compared average ratings of subglottic residue 
when scores were >0. The average amount of subglottic residue pre-RST was found to be 19.5 ± 
22.2, while the average amount of subglottic residue post-RST was only 2.6 ± 4.6. These results 




omnibus test), the amount of aspiration when present did decrease.  
Importantly, patient reported outcomes of swallowing function were also found to 
improve as a result of the therapy. On average, participants reported some specific food 
limitations prior to enrolling into the RST program (FOIS 6), which improved to no food 
limitation after completion of the RST program (FOIS 7). These improvements in functional oral 
intake were maintained upon evaluation 1-month following completion of RST.  
 
Motor Learning 
Motor learning is an inferred cognitive process inferred through the measurement of a 
combination of variables including: (1) increased accuracy in performing the training-specific 
task; (2) increased consistency/decreased variability in performing the training-specific task; (3) 
increased accuracy and consistency in generalizing the motor skill to similar but untrained tasks; 
and (4) long-term retention of the trained skill and generalized performance. In this study, the 
training-specific task was the exhale-swallow-exhale during patient preferred sips of liquids. 
Variability was examined for all RSC outcomes at all assessment visits. Generalization was 
assessed by testing similar but untrained swallowing tasks, including untrained bolus volumes (5, 
15, 50, and 90 mL), bolus consistencies (thickened liquids, pudding, and mixed consistency), and 
bolus delivery methods (syringe). And retention was examined using a 1-month follow up 
assessment for both the training specific task and the generalization testing swallowing tasks. 
This study revealed improved accuracy, variability, and generalization of optimal RSC, 
providing strong evidence for the presence of RSC motor learning in cohort of people with PD. 
While these results are promising, mechanisms underlying these improvements remains unclear 




and recalibration without relying on conscious awareness (automaticity), if motor learning 
changes were due to volitional control/cognitive awareness, or motor learning changes were due 
to a combination of these two potential mechanisms. Future research should further explore the 
underpinnings of the motor learning changes associated with RST.  
Contrary to our original hypothesis, no differences in motor learning were observed 
between the variable practice and constant practice conditions. There are several potential 
possibilities explaining these null findings between the two practice groups. First, this secondary 
aim examining differences in motor learning was likely too underpowered to detect any 
differences in outcome measures. An a priori power analysis revealed that each practice 
condition required a sample size of 15 to detect potential differences in outcomes. However, data 
collection was abruptly halted due to the SARS-CoV-2 pandemic; therefore, recruitment goals 
were not met. Second, it is possible that the variable practice approach used in the current 
protocol was not ‘variable enough’. Variable practice during RST can be explored multiple 
ways, including variability in bolus delivery methods, bolus consistencies, and bolus volumes. In 
our previous research, we explored the use of ‘negative practice’ as a means of facilitating 
variable practice. During negative practice participants practiced both the correct exhale-
swallow-exhale pattern as well as the incorrect nonexhale-swallow-exhale patterns (with saliva 
swallows only) (Curtis, Dakin, et al., 2020; Curtis, Seikaly, & Troche, 2020). In these pilot 
single subject treatment studies, the improvements in respiratory phase patterning were 
maintained 1-2 months post-RST completion. Therefore, it is possible that increasing the amount 
of contextual interference contained by the variable practice could potentially enhance motor 
learning outcomes. Lastly, it is possible that there is truly no difference between constant and 




has found no difference between constant and variable practice in PD (Kaipa, Jones, & Robb, 
2016). The reason for this could be because using variable practice may exceed task complexity 
beyond the optimal challenge point for motor learning in PD (Onla-Or & Winstein, 2008).  
 
Study Limitations 
 There were limitations to this study that should be recognized. First, this study was 
significantly underpowered for the exploratory aim of comparing constant and variable practice. 
The original recruitment target was 15 participants per group, for a total sample size of 30. 
However, study recruitment and data collection were immediately halted as a result of the 
SARS-CoV-2 global pandemic. This immediate stopping of data collection and study visits also 
led to an unequal sample size between the immediate post-RST assessment and the 1-month 
follow up assessment. Therefore, this may have also affected the ability to detect changes in 
retention outcomes. Second, while PAS was included as an outcome measure, the timing of 
airway invasion events was not recorded. Lastly, this study relied only on FEES to examine 
changes in swallowing. While FEES is considered to be sensitive tool for evaluating residue, 
penetration, and aspiration (i.e., a primary aim of this study), it does not allow for objective 
measures of swallowing physiology. Therefore, future work examining how RST impacts 
swallowing kinematics or pharyngoesophageal swallowing pressures in PD is warranted using 
techniques such as videofluoroscopy or high-resolution pharyngeal manometry.  
 
CONCLUSIONS 
RST appears to be an efficacious skill-based treatment for people with PD and dysphagia. 




coordination and significant reductions in residue, penetration, and aspiration. Future research 
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The relationships between breathing and swallowing have been studied extensively over 
the last several decades. This body of literature demonstrates that healthy adults produce 
predictable, stereotypic patterns in respiratory-swallow coordination (RSC). These patterns of 
typical RSC in healthy adults are important for safe and efficient swallowing and are often 
disrupted in patient populations known to be at high risk of dysphagia – Parkinson’s disease 
(PD) is one such population. Despite the high prevalence and impact of suboptimal RSC in PD, 
little is known about what causes these changes to RSC in PD, how suboptimal RSC influences 
swallowing function in PD, and if improving RSC in PD elicits improvements in swallowing 
safety and efficiency.  
The aims of this dissertation and body of work were to address these important clinical 
questions by completing a series of four studies. First, we began by examining the relationships 
between swallowing- and patient-specific factors with RSC while also assessing the influence of 
RSC on swallowing safety (penetration-aspiration) and efficiency (pharyngeal residue). Then, we 
completed two studies exploring the feasibility of training optimal respiratory-swallow training 
in PD. The first study assessed the effects of verbal cueing on RSC to determine if RSC was 
stimulable for change in PD. Then, we completed a pilot study examining the effects of two 
weeks of respiratory-swallow training (RST) on swallowing rehabilitation in a person with mid-
stage PD and severe dysphagia. The last study examined the effects of four weeks of RST on 
functional swallowing outcomes and motor learning in people with early to advanced stage PD.  
 
Respiratory Pause Duration 
Swallowing induces a spectrum of behavioral changes to normal breathing, the most 




component of RSC, yet its clinical utility has been limited due to the large degree of variability 
in healthy adults. Normative data suggest that healthy adults typically exhibit a respiratory pause 
of 0.5-1.5 seconds, though this duration can extend up to 7-10 seconds depending on the onset of 
voluntary breath holding (Martin-Harris et al., 2005). This wide range in variability limits the 
ability of researchers and clinicians to determine if the respiratory pause duration that a patient 
may be presenting with represents a value that is within normal limits or disordered. 
Prior to the completion of this dissertation research, evidence determining if and how 
respiratory pause duration changes in PD was inconclusive. Only three studies had been 
completed comparing respiratory pause duration between people with PD to healthy controls. 
The first of these three studies found that people with PD had longer pauses compared to healthy 
controls (Pinnington, Muhiddin, Ellis, & Playford, 2000). However, the second two studies 
found no differences in respiratory pause duration between the PD and healthy control groups 
(Gross et al., 2008; Chin Man Wang, Shieh, Weng, Hsu, & Wu, 2017).  
Results from Chapter 2 contribute to our understanding of respiratory pause duration 
changes in PD and assist in explaining why differences exist between previous studies. First, we 
found that people with PD have longer respiratory pauses than those typically reported for 
healthy adults (~3.5 seconds). However, post-hoc exploratory analyses demonstrated that 
respiratory pause duration changes as a function respiratory phase patterning. Respiratory pauses 
during the exhale-swallow-exhale pattern were nearly half the duration of the respiratory pauses 
during the patterns other than exhale-swallow-exhale. The duration of the respiratory pause 
during the exhale-swallow-exhale was arguably within normal limits (~1.8 seconds). This 




pause duration does not change as a function of PD but rather changes as a function of the 
increased frequency of suboptimal patterning.  
The clinical utility of measuring respiratory pause duration has also been hindered due to 
our limited understanding of whether lengthening or shortening the respiratory pause duration is 
beneficial or harmful for swallowing. Because respiratory pause is protective in nature, one 
might hypothesize that longer pauses are more beneficial for safe swallowing. However, 
prolonged respiratory pauses and voluntary breath holding do not necessarily imply enhanced 
airway closure. In fact, previous research indicates that only ~60% of healthy adults close their 
airway during voluntary breath holding (Donzelli & Brady, 2004; Mendelsohn, Australia, & 
Martin, 1993). Additionally, previous research demonstrates that respiratory pause duration tends 
to increase in patient populations known to be at risk of dysphagia, suggesting that longer 
respiratory pauses may be more harmful rather than helpful (Butler, Stuart, Pressman, Poage, & 
Roche, 2007; Erdem et al., 2016; Lefton-Greif, Perlman, He, Lederman, & Crawford, 2016; 
Nilsson, Ekberg, Bülow, & Hindfelt, 1997; Ogna et al., 2017; Pinto, Balasubramanium, & 
Acharya, 2017; Selley, Flack, Ellis, & Brooks, 1989b; C. M. Wang, Shieh, Chen, & Wu, 2015; 
Yagi, Nagami, et al., 2017; Yagi, Oku, et al., 2017).  
Troche and colleagues examined differences in respiratory pause duration between 
dysphagic (penetrators/aspirators) and non-dysphagic people with PD and found longer pauses 
for the dysphagic group compared to the non-dysphagic group. Similar findings have also been 
reported in people with cerebral vascular accidents (Butler et al., 2007) and amyotrophic lateral 
sclerosis (Erdem et al., 2016). Our own research from Chapter 2 supports these findings – longer 
pauses were associated with a greater likelihood of penetration-aspiration in PD. Synthesizing 




reasons. First, longer pauses (≥2 seconds) may indicate the presence of suboptimal respiratory 
phase patterning. Second, longer respiratory pauses may be a red flag for penetration-aspiration. 
Therefore, identifying people who consistently exhibit swallows with longer respiratory pauses 
may improve the accuracy of an examiner’s diagnostic impressions and treatment 
recommendations. 
We analyzed respiratory pause duration as one total unit of time. However, some 
researchers separate total respiratory pause into three smaller temporal events: pre-swallow 
swallow pause, swallow pause, and post-swallow pause (Hårdemark Cedborg et al., 2010, 2009). 
Pre- and post-swallow pauses are associated with periods of voluntary breath holding, whereas 
swallow pause refers to the period of obligatory respiratory cessation that occurs as a direct 
result of neurologic inhibition. It remains unknown which of these aspects of respiratory pause 
are most critical for safe and efficient swallowing, or if they are all equally important for 
preventing penetration and aspiration. And while Chapter 2 identified that longer total 
respiratory pauses were associated with worse swallowing safety, it is possible that this finding 
may not hold true under all swallowing circumstances. For example, a shorter respiratory pause 
may be more beneficial in the presence of an exhale-swallow-exhale, as we have identified. 
Because exhaling immediately before and after swallowing is hypothesized to provide 
mechanical advantages important for swallowing, pausing for too long after or before these 
exhalations may negate any potential benefit the exhale-swallow-exhale pattern facilitates. 
Conversely, longer pre- or post-swallow pauses may be more beneficial for swallowing in the 
presence of patterns other than exhale-swallow-exhale. Because inhaling immediately before or 
after swallowing places people at risk of compromised airway protection, prolonging the pauses 




after swallowing. This is supported by previous research which identifies that healthy adults 
exhibit prolonged respiratory (pre- and post-swallow) pauses when swallowing before or after an 
inhalation (Gross et al., 2008; Gross, Atwood, Ross, Olszewski, & Eichhorn, 2009; Hårdemark 
Cedborg et al., 2010, 2009). Therefore, as I move forward with this line of research, I would like 
to begin analyzing these three distinct temporal events and examining their influence on 
swallowing safety within the context of specific respiratory phase patterns. 
 
Respiratory Phase Patterning 
Respiratory phase patterning is often regarded as the most important aspect of RSC as it 
relates to safe and efficient swallowing. The most optimal pattern for safe and efficient 
swallowing is thought to be the exhale-swallow-exhale pattern, which accounts for 80-100% of 
swallows in healthy adults depending on bolus size and consistency (Hopkins-Rossabi, Curtis, 
Temenak, Miller, & Martin-Harris, 2019). There are several hypotheses explaining why the 
exhale-swallow-exhale pattern may be the most optimal pattern for swallowing function. First, 
exhaling before the swallows positions the vocal folds in a more paramedian position which may 
facilitate earlier and more complete airway closure – two swallowing kinematic features 
important for preventing penetration and aspiration in PD (Curtis, Molfenter, & Troche, 2020; 
Leonard, 2019; Martin, Logemann, Shaker, & Dodds, 1994; Park, Kim, Ko, & McCullough, 
2010; Seo, Oh, & Han, 2016). Second, glottal closure reflex sensitivity is heightened during 
exhalation, which may further enhance the extent and timeliness of airway closure (Ikari & 
Sasaki, 1980). Third, when airway invasion does occur, exhaling immediately before and/or after 
swallowing may more readily eject penetrant and aspirate material from the airway through 




Walters, 2003; Martin et al., 1994; Nishino, Yonezawa, & Honda, 1985). Fourth, expiratory 
airflow increases velar and superior pharyngeal constrictor muscle activity – muscles important 
for preventing nasal regurgitation and promoting bolus transit through the pharynx (Kogo et al., 
2003). Fifth, expiratory airflow elicits a pressure differential between the pharynx and esophagus 
(Kawasaki, Ogura, & Takenouchi, 1964). This differential pressure gradient may optimize 
negative pressure generation in front of the bolus head and enhance bolus transit from the 
pharynx into the esophagus. Lastly, exhaling after the swallow is thought to promote a more 
coordinated swallowing pressure gradient within the esophageal lumen, further optimizing the 
transit of foods and liquids as they pass through the esophagus (Gross, 2014; Irvin, Sampson, 
Engel, & Grassino, 1984; David Paydarfar & Buerkel, 1995).  
Prior to this dissertation work, only five studies had been completed examining changes 
to respiratory phase patterning in PD. Four of these studies reported findings as percentage of 
swallows exhibiting suboptimal pre- and post-pause inhalation, while the remaining study 
reported findings in terms of the percentage of swallows exhibiting the optimal exhale-swallow-
exhale pattern. Whereas healthy adults exhibit riskier post-pause inhalations for approximately 
6% of swallows, the four studies in PD found post-pause inhalation to be 2-4 times more 
common, occurring for approximately 10-25% of swallows (Gross et al., 2008; Lim, Leow, 
Huckabee, Frampton, & Anderson, 2008; Pinnington et al., 2000; Michelle S. Troche, Huebner, 
Rosenbek, Okun, & Sapienza, 2011). In the fifth study, the optimal exhale-swallow-exhale 
pattern was found to occur for only 24-38% of swallows in people with PD (Chin Man Wang et 
al., 2017). This is significantly less frequent than the 80-100% of swallows typically seen in 




In Chapter 2, post-pause inhalations accounted for an average of 28.2% of swallows 
while exhale-swallow-exhales accounted for an average of 30.2% of swallows – findings similar 
to those from previous research in PD. This data further demonstrates the high prevalence of 
suboptimal respiratory phase patterning in PD. Interestingly, we did not identify any patient-
specific factors that were associated with changes to patterning. While we expected to observe 
differences in patterning as a function of disease severity and pulmonary function, no differences 
(aside from maximal inspiratory muscle strength) were present. The reason for this is unclear, 
but supports pilot work by Lim and colleagues who found no changes in respiratory phase 
patterning in ten people with PD between “on” and “off” phases of the PD medication, despite 
demonstrating significant improvements in markers of pulmonary function and disease severity 
(Lim et al., 2008). Clinically, it is important to recognize that no significant relationships were 
observed between patient-specific factors and respiratory phase patterning since it highlights that 
clinicians and researchers should not rely on case history information to assist in predicting 
which patients are at risk of suboptimal patterning and which are not.  
In the five previously published studies that examined respiratory phase patterning in PD, 
only one directly visualized swallowing safety and was able to draw conclusions regarding the 
influence of respiratory phase patterning on penetration-aspiration. This study found that post-
pause inhalations were significantly associated with the presence of penetration-aspiration 
(Michelle S. Troche et al., 2011). Chapter 2 contributes to this limited area of research and 
supports the findings by Troche and colleagues. Results from Chapter 2 revealed that the exhale-
swallow-exhale pattern is the most optimal for safe swallowing in PD, with the likelihood of 
penetration-aspiration to be significantly lower for swallows initiated during the exhale-swallow-




pattern is often considered a variant of normal. While it is less common than the exhale-swallow-
exhale, it is anecdotally considered to be relatively benign when compared to the exhale-
swallow-inhale and inhale-swallow-inhale patterns. However, our research indicates that all three 
of these respiratory phase patterns exhibit a similar amount of penetration-aspiration risk and 
should be considered equally less safe compared to the exhale-swallow-exhale pattern in PD. 
We failed to find any significant relationship between respiratory phase patterning and 
oropharyngeal swallowing efficiency. While current theories posit that exhale-swallow-exhales 
optimize pharyngeal bolus clearance, results from Chapter 2 failed to find such relationships in 
PD. However, RSC theories also suggest that the exhale-swallow-exhale pattern may also 
enhance esophageal bolus clearance. This aspect of swallowing physiology was not visualized in 
our research. Therefore, the influence of respiratory phase patterning on esophageal bolus 
clearance cannot be ruled out. Examination of esophageal bolus clearance as a function of 
respiratory phase patterning in PD should be further investigated using other examination 
techniques such as videofluoroscopy or esophagoscopy given the high prevalence of esophageal 
swallowing impairments in PD (Bassotti et al., 1998; Suttrup et al., 2017). 
 
Lung Volume Initiation  
Lung volume initiation during swallowing is perhaps the least studied and least 
understood aspect of RSC – both in terms of what is normal, and also what is most optimal for 
safe and efficient swallowing. To date, nineteen studies have been published examining lung 
volume initiation during swallowing in healthy adults. Five of these studies objectively measured 
lung volume initiation using gold standard techniques (respiratory inductive plethysmography or 




measuring the duration of the respiratory phase immediately before and after swallowing. Five of 
these 19 studies (two of which used objective measurement methodologies) found that swallows 
in healthy adults were initiated within the mid-to-low quiet breathing lung volume range (Huff et 
al., 2018; McFarland & Lund, 1995; Mcfarland, Lund, & Le Gagner, 1994; McFarland et al., 
2016; J. Smith, Wolkove, Colacone, & Kreisman, 1989), while the remaining 14 studies (three of 
which used objective measurement methodologies) found that swallows were initiated at or 
above quiet breathing lung volume range (Drulia, 2016; Gross et al., 2008, 2009; Klahn & 
Perlman, 1999; Lederle, Hoit, & Barkmeier-Kraemer, 2012; Matsuo, Hiiemae, Marlis Gonzalez-
Fernandez, & Palmer, 2008; Palmer & Hiiemae, 2003; D. Paydarfar, Gilbert, Poppel, & Nassab, 
1995; Preiksaitis, Mayrand, Robins, & Diamant, 1992; Selley, Flack, Ellis, & Brooks, 1989a; K. 
Wheeler Hegland, Huber, Pitts, Davenport, & Sapienza, 2011; K. M. Wheeler Hegland, Huber, 
Pitts, & Sapienza, 2009; Yagi, Oku, et al., 2017). Therefore, while it is currently unknown the 
range of lung volume most typical for healthy adult swallows, research currently leans towards 
the notion that swallows are most frequently initiated at or above quiet breathing lung volume 
range.  
The research contained within this dissertation project is the first to examine lung volume 
initiation during swallowing in people with PD using objective measurement methodologies. 
Findings demonstrate that on average people with PD initiate swallows near mid-quiet breathing 
lung volume range. Therefore, if we are to assume that lung volume initiation in healthy adults 
typically occurs at or above quiet breathing lung volume range, then this data suggests that lung 
volume initiation during swallowing is often decreased in PD. This supports similar work by 
Gross and colleagues, which compared the frequency of swallows initiated near low quiet 




measurement methodologies to estimate lung volume initiation, Gross found ~24% of swallows 
were initiated near low quiet breathing lung volume range for people with PD compared to only 
~7% swallows for healthy adults. Mechanistically, lower lung volume initiation during 
swallowing may be the result of rigidity and hypokinesia of the respiratory system restricting the 
ability to easily access higher lung volumes. This is supported by the fact that this patient 
population suffers from rigidity and hypokinesia of axial and respiratory structures (Cano-De-
La-Cuerda, Vela-Desojo, Miangolarra-Page, MacÍas-Macías, & Muñoz-Hellín, 2011; Oliveira, 
Oliveira, Moriya, Moreira, & Takakura, 2019; Steiger, Thompson, Marsden, & Steiger P D 
Thompson C D Marsden, 1996).  
Contrasting theories also exist regarding where within the lung volume range is most 
optimal for safe and efficient swallowing. One viewpoint assumes that swallows initiated within 
the relatively restricted mid-to-low quiet breathing lung volume range are most optimal for safe 
and efficient swallowing, while a second viewpoint posits that initiating swallows at or above 
quiet breathing lung volume range is most optimal for safe and efficient swallowing. Results 
from our research found that, in PD, higher lung volumes were associated with less pharyngeal 
residue. Swallows initiated at or above quiet breathing lung volumes exhibited less severe 
vallecular and piriform residue patterns compared to swallows initiated within the quiet 
breathing lung volume range. We also found that lung volume initiation had no relationship with 
penetration-aspiration. Together, our data suggest that higher lung volumes are more important 
for swallowing efficiency in PD, but do not appear to influence swallowing safety. 
Airway protection includes a continuum of behaviors, with safe swallowing and effective 
coughing on either end of the continuum (Michelle Shevon Troche, Brandimore, Godoy, & 




while effective coughing ejects aspirate material from the lower airway when aspiration does 
occur. Because people with PD are at risk of aspiration and unsafe swallowing, clinicians and 
researchers must consider the role that lung volume initiation may have on regulating reflex and 
voluntary cough effectiveness. Previous research has demonstrated that initiating coughs at 
higher lung volumes results in greater cough effectiveness (Brandimore, Troche, Huber, & 
Hegland, 2015; J. A. Smith et al., 2012). Therefore, we propose that initiating swallows at higher 
lung volumes may serve to improve not just swallowing efficiency in PD, but also airway 
protection within the context of enhanced cough effectiveness.  
To more conclusively identify the most optimal lung volume range for swallowing in 
healthy adults and people with PD, I am interested in completing a follow up experimental study 
involving healthy adults and people with PD. In this study, I would recruit participants who 
could accurately and consistently complete the exhale-swallow-exhale pattern at seven different 
lung volumes: 100% VC, 80% VC, 60% VC, end-inspiratory level, mid-to-low quiet breathing, 
end-expiratory level, and 20% VC. Using videofluoroscopy and mixed model statistical analyses, 
I would examine how swallowing kinematics, residue, and penetration-aspiration change during 
liquid and semisolid swallows as a function of lung volume, when controlling for respiratory 
phase patterning. This information will be critical in isolating the effects of lung volume 
initiation on swallowing kinematic, safety, and efficiency in normal and disordered populations. 
 
Respiratory-Swallow Coordination 
Chapter 2 reveals two important concepts related to RSC and swallowing in PD. First, 
people with PD frequently swallow using patterns other than exhale-swallow-exhale, initiated 




seconds. Second, these patterns in suboptimal RSC contribute to the presence and severity of 
residue, penetration, and aspiration in PD.  
It is worth acknowledging that the strength of the relationships observed in Chapter 2 
between suboptimal RSC with swallowing safety and efficiency in PD were small to medium in 
size (Chen, Cohen, & Chen, 2010; Richardson, 2011). This indicates that while suboptimal RSC 
can lead to abnormalities in residue and penetration-aspiration, other physiologic parameters 
associated with airway protection and bolus clearance have the ability to compensate for 
impairments in RSC. For example, airway protection is accomplished through various layers of 
laryngeal vestibule closure including vocal fold closure, ventricular fold closure, compression of 
the quadrangular membrane, arytenoid-to-epiglottic contact, epiglottic inversion, and superior-
anterior hyolaryngeal displacement. Likewise, bolus clearance is achieved through a variety of 
physiologic mechanisms, including neurologic relaxation and mechanical opening of the upper 
and lower esophageal sphincters, negative pressure generation in front of the bolus head, and 
positive pressure generation applied to the bolus tail by the pharyngeal constrictors, base of 
tongue, and esophageal lumen. In healthy adults, when one aspect of swallowing physiology is 
perturbed, other aspects have the ability to compensate (Humbert et al., 2013; Serel Arslan et al., 
2018; Wong, Domangue, Fels, & Ludlow, 2017; Wong, Kamarunas, & Ludlow, 2019). 
Therefore, it is logical that disruptions to RSC, while significantly associated with compromised 
airway protection and bolus clearance, do not necessarily implicate immediate detrimental 
changes to swallowing safety and efficiency. To address this further, I am interested in 
examining how swallowing kinematics change in healthy adults and people with PD as a 
function of optimal and suboptimal patterning when controlling for lung volume initiation. Using 




different respiratory phase patterns. From there, I could isolate the influence of respiratory phase 
patterning on swallowing kinematics. This would serve three purposes. First, it would allow for 
examination of what specific swallowing kinematics are associated with exhalations vs. 
inhalations before and after swallowing (if any). Second, it would allow for assessment of how 
people compensate for suboptimal patterning at the kinematic level in order to accomplish the 
motor task of safe and efficient swallowing. Third, it would allow us to examine differences in 
how healthy adults compensate for suboptimal RSC compared to people with PD.  
RSC is beginning to gain popularity in the field of dysphagia research; however, it 
remains largely under-recognized and under-evaluated in clinical practice. This is likely due to 
the lack of clinically feasible methods to assess RSC. Assessment of RSC has historically relied 
on equipment that are either no longer commercially available (Kay Pentax Swallowing 
Workstation) or are cumbersome, expensive, and designed primarily for research purposes 
(Respitrace System). Identifying clinically feasible methods to evaluate RSC will be an 
important step for translating findings from the present studies to clinical practice.  
One potential method for bridging this gap is to develop commercially available 
equipment that can sensitively and reliably analyze RSC. Work is currently underway by 
Hopkins-Rossabi and Martin-Harris and colleagues to develop such technology (Hopkins-
Rossabi, Rowe, McGrattan, Rossabi, & Martin-Harris, 2020). Another option is to repurpose 
equipment currently used in other areas of speech pathology practice for the purpose of RSC 
assessment. One potential is to repurpose equipment that is often use for aerodynamic 
assessments of voice, such as the Phonatory Aerodynamic System (Kay Pentax) or the Aeroview 
System (Glottal Enterprises). These systems allow for visual assessment of airflow and can 




this equipment for clinical purposes are that they are relatively nonportable, expensive, and 
require patients to be outfitted with facemasks for use. Because of facemasks are required, 
natural eating and drinking conditions are not possible, and would require unnatural bolus 
holding for each swallowing trial. Therefore, examining the effects of bolus holding on RSC will 
be necessary in order to determine the validity of using such techniques for RSC assessment.  
One last option for increasing the feasibility of assessing RSC is to examine RSC using 
visual perceptual assessments during clinical swallow evaluations. We hypothesize that with 
minimal training clinicians could learn to judge respiratory phase patterning and grossly estimate 
lung volume initiation with a reasonable range of accuracy. Notably, all three respiratory-
swallow training studies that our research team have completed have relied on visual perceptual 
assessments as the primary method for judging the accuracy of optimal RSC during training 
practice trials (Curtis, Dakin, & Troche, 2020; Curtis, Seikaly, & Troche, 2020). Anecdotal 
evidence derived from these studies suggests that both experienced and novice clinicians are able 
to use visual perceptual assessments to judge RSC with a relatively high degree of accuracy. 
Further research is needed to more empirically study the accuracy of RSC assessments using 
visual perceptual measurement methodologies. In anticipation of this clinical need, I recorded 
high quality videos of the participants in Chapters 2 and 5 as they underwent RSC assessment. I 
plan to complete a study including novice and experienced clinicians performing visual 
perceptual assessments of RSC using these videos and comparing their visual perceptual ratings 
to the results from the gold standard instrumentation. I would like to specifically set this up as a 
three-part study. In the first part, clinicians will be asked to view RSC videos and to rate 
respiratory phase patterning and approximate lung volume initiation (above end-inspiratory 




brief training module intended to guide visual assessment of respiratory phase patterning and 
lung volume initiation (e.g., look at the neck, chest belly to identify patterning; mimic the 
breathing of the patient to estimate lung volume initiation). Lastly, clinicians will re-rate the 
same videos. From there, we will examine how accurate clinicians are at grossly assessing RSC, 
and we will also determine if accuracy of RSC assessment improves significantly with training. I 
hypothesize that results will demonstrate clinicians can accurately judge RSC using visual 
perceptual assessment methodologies. Should this hypothesis be confirmed, then I would be 
further interested in examining how accuracy of RSC visual perceptual assessments are 
influenced via telehealth. Given the growing interest in telehealth as a result of SARS-COV-2, it 
will be important to examine the feasibility, reliability, and accuracy of RSC assessment within 
the context of telehealth. 
 Despite the fact that clinically feasible methods to assess RSC are currently lacking, 
clinicians and researchers should be cognizant of the significant relationships that are present 
between RSC and swallowing dysfunction in people with dysphagia and PD. If observing residue 
or penetration-aspiration on instrumental swallowing evaluations, then examiners should 
consider the potential role that suboptimal RSC may be having – especially in people with PD. 
Integrating suboptimal RSC into your differential diagnoses allows for more comprehensive 
diagnostic impressions and may influence treatment planning and the potential role of RSCT. 
 
Respiratory-Swallow Training 
 Given the relationships between RSC and swallowing, it has been long-speculated by 
researchers that training optimal RSC might have positive benefits on swallowing rehabilitation 




empirically examine the effects of RST on swallowing in people with head and neck cancer. This 
study demonstrated that 4-8 sessions of an RST treatment paradigm targeting exhale-swallow-
exhales within the mid-to-low quiet breathing lung volume range resulted in significant 
improvements to swallowing kinematics, residue, and penetration-aspiration (Martin-Harris et 
al., 2015). Since this publication, the effects of RST on swallowing rehabilitation have begun to 
garner significant scientific interests but have remained largely out of the clinical realm due to a 
lack of clinical feasibility and evidence support. 
 To explore the role of RST in PD, we first sought to determine if RSC was stimulable for 
change. To address this, we examined the effects of verbal cueing on RSC in PD (Chapter 3). In 
this study, we identified that RSC was stimulable for change, and that depending on when during 
tidal breathing verbal cues to swallow were given, RSC could be immediately improved (greater 
frequency of exhales-swallow-swallows) or worsened (decreased frequency of exhale-swallow-
exhales). Demonstrating that RSC was stimulable for change in PD provided the groundwork to 
begin exploring the effects of formal RST in this patient population.  
 In Chapter 4, we enrolled an 81-year-old male with mid-stage PD and severe dysphagia 
to complete a prospective single subject RST treatment study. This treatment involved four 
twice-weekly sessions of RST over two consecutive weeks, with multiple pre- and post-RST 
evaluations to examine maintenance and generalization. Results revealed large improvements in 
RSC (greater proportion of swallows exhibiting optimal RSC), swallowing safety, swallowing 
efficiency, overall dysphagia severity, and patient reported swallowing related quality of life. 
This was the first published study to demonstrate efficacy of RST on functional swallowing 
outcomes in PD, and the second published study to examine the effects of RST on swallowing 




 By demonstrating that RSC abnormalities are common in PD (Chapter 2), that 
suboptimal RSC contributes compromised swallowing safety and efficiency in PD (Chapter 2), 
that RSC is malleable in PD (Chapter 3), and that RST has the potential to improve RSC and 
swallowing in PD (Chapter 4), we decided to continue with this line of research and explore the 
effects of RST on swallowing and motor learning outcomes in a group of 12 people with early to 
advanced stage PD. Findings from this study demonstrate that, on average, four once-weekly 
sessions of RST targeting the exhale-swallow-exhale pattern resulted in a significant increase in 
the proportion of swallows exhibiting optimal RSC (exhale-swallow-exhale, higher lung volume, 
shorter respiratory pauses) and a significant decrease in the frequency of pharyngeal residue, 
laryngeal penetration, and subglottic aspiration. Furthermore, when aspiration was present post-
RST, the amount of aspirate material was significantly decreased.  
 Systematic reviews suggest that treatments effective at rehabilitating disordered 
swallowing in PD are limited and that there is a need for the development of high quality 
evidenced-based dysphagia treatments (Baijens & Speyer, 2009; Van Hooren, Baijens, 
Voskuilen, Oosterloo, & Kremer, 2014). Therefore, we believe the findings from Chapters 4 and 
5 have significant clinical implications for improving swallowing-related health and quality of 
life in people with PD.  
Expiratory muscle strength training (EMST) is considered to be the current gold standard 
treatment for dysphagia in people with PD. The effects of EMST on penetration-aspiration in PD 
are reported to be moderate in size (M. Troche et al., 2010). While these effect sizes are 
promising, identifying exercises that possess larger effects on improving swallowing safety and 
efficiency are needed. Findings from Chapters 4 and 5 suggest that RST may address this, with 




Comparing the clinical impact of different dysphagia exercises is necessary in order to maximize 
clinical decision making and treatment planning. To explore this further, studies comparing the 
effects of RST to other evidenced-based treatments on swallowing rehabilitation outcomes in PD 
are needed. I will be addressing this clinical research need over the next two years. During my 
postdoctoral research fellowship, funded by the American Brain Foundation and the Parkinson’s 
Foundation in collaboration with the American Academy of Neurology, I will be completing a 
randomized controlled trial comparing the effects of RST and EMST on swallowing kinematics, 
residue, and penetration-aspiration in a large cohort of people with PD. In this study, people with 
PD will be prospectively recruited and randomized to receive either RST or EMST. Pre- and 
post-treatment videofluoroscopy will be used to compare differences in swallowing kinematics, 
residue, penetration, and aspiration between the two treatment groups. From this study, we hope 
to learn if one therapy is more effective than another at improving swallowing safety and 
efficiency. We also hope to learn how if these two exercises target similar or different 
abnormalities in swallowing kinematics. 
In addition to comparing RST to EMST and identifying clinically feasible methods to 
evaluate RSC, other areas of future research include further refining the RST protocol for people 
with PD and examining how RSC and RST effect swallowing kinematics and swallowing 
pressures. From an RST refinement standpoint, we did not detect any differences between 
constant practice versus variable practice training conditions. We suspect this was related to our 
lack of power. Additional research is required to more properly determine if variable practice 
elicited better training outcomes when compared to constant practice. Like variable practice, it 
will also be important to examine how other principles of motor learning translate to RSCT in 




whole practice, block vs. randomized practice, and the use of visual biofeedback vs. no 
biofeedback. Determining optimal practice dosing will also be critical in maximizing treatment 
outcomes. In the methods explored in Chapters 4 and 5, no formal home practice was prescribed 
aside from implementing the motor goal into daily eating and drinking. Additionally, RST 
included four treatment sessions, with each session containing 60 practice trials. It remains 
unknown if additional practice trials, practice sessions, or the inclusion of formal home practice 
would be beneficial at further improving accuracy, retention, and generalization of RST 
outcomes. 
 Another important area of future research is to examine how RSC and RST influence 
swallowing kinematics and swallowing pressures. The research contained within the chapters of 
this text relied on flexible endoscopic evaluation of swallowing to examine the influence of RSC 
and RST on swallowing safety and efficiency. Flexible endoscopy is considered to be the most 
sensitive instrumental tool to analyze residue, penetration, and aspiration and was therefore the 
most appropriate tool to answer these research questions (Langmore, 2017). Additionally, 
flexible endoscopy is used frequently in the clinical setting, making the results from our research 
clinically relevant. However, flexible endoscopy has a limited ability to facilitate detailed, 
quantitative analysis of swallowing kinematics and does not provide any information on 
swallowing pressures. Videofluoroscopy is considered to be the primary method to examine 
swallowing kinematics – both clinically and in research. High resolution pharyngoesophageal 
manometry is considered to be the primary method for examining swallowing pressures, though 
this procedure is less common in the clinical setting. Understanding how respiratory phase 
patterning, lung volume initiation, and respiratory pause duration influence swallowing 




suboptimal RSC negatively impacts swallowing physiology. From a clinical standpoint, profiling 
the swallowing kinematic impairments associated with suboptimal RSC would be a useful way at 
screening for RSC impairment during videofluoroscopy – especially with our current limitations 
of feasibly evaluating RSC. Furthermore, identifying the patterns of kinematic impairments 
associated with suboptimal RSC on videofluoroscopy would allow clinicians and researchers to 




 In PD, swallowing was frequently characterized by a nonexhale-swallow-exhale pattern, 
initiated within the mid-to-low quiet breathing lung volume range, resulting in respiratory pause 
of ~3.5 seconds. When compared to previously published normative data in healthy adults, 
people with PD less frequently produced exhale-swallow-exhales, initiated swallows at lower 
lung volumes, and had longer respiratory pauses. These patterns in suboptimal RSC significantly 
influenced the frequency and severity of pharyngeal residue and penetration-aspiration. Lower 
lung volumes were associated with greater amounts of vallecular and piriform residue, while 
nonexhale-swallow-exhales were associated with a 1.89 times greater likelihood of penetration-
aspiration.  
Changes in RSC were seen as an effect of swallowing conditions (bolus volume, bolus 
consistency, and bolus delivery method) and verbal cueing but were largely unaffected by 
patient-specific factors such as disease severity or respiratory function. Using RST to train the 
optimal exhale-swallow-exhale pattern is possible in PD, leads to significant improvements in 




penetration, and aspiration. RST is a novel skill-based exercise that has the potential to 
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